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1
SYSTEMS AND METHODS FOR
DETERMINING MOVEMENT OF A
CONTROLLER WITH RESPECT TO AN
HMD

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present disclosure relates to U.S. patent application
Ser. No. 15/887,877, filed on Feb. 2, 2018, and titled
“HEAD-MOUNTED DISPLAY TO CONTROLLER
CLOCK SYNCHRONIZATION OVER EM FIELD”,
which is incorporated by reference herein in its entirety.

The present disclosure relates to U.S. patent application
Ser. No. 14/633,415, filed on Feb. 27, 2015, and titled
“GAMING DEVICE WITH ROTATABLY PLACED CAM-
ERAS”, now issued as U.S. Pat. No. 9,649,558, which is
incorporated by reference herein in its entirety.

FIELD

The present disclosure relates to systems and methods for
determining movement of a controller with respect to a
head-mounted display.

BACKGROUND

A head-mounted display (HMD) is used to play a game.
A player wears the HMD on his/her head. The player holds
a DualShock™ controller that the player uses to play the
game. A camera is placed within a room, such as on a
television stand, in which the player is playing the game.
The camera captures images of the player.

It is in this context that embodiments described in the
present disclosure arise.

SUMMARY

Embodiments described in the present disclosure provide
systems and methods for determining movement of a con-
troller with respect to a head-mounted display (HMD).

In one embodiment, a system for tracking a hand-held
controller relative to an HMD is described. The system
includes the hand-held controller, the HMD, and a process-
ing device. The HMD is configured to be worn on a head of
a user. The HMD is further configured to display a plurality
of'image scenes having content generated by execution of an
application. The HMD has a lower region having a camera.
The camera has a capture view directed downward from the
HMD. The camera is configured to capture a plurality of
images of the hand-held controller. The processing device is
associated with the HMD for receiving a plurality of images
of a real-world environment surrounding the HMD and the
plurality of images of the hand-held controller. The process-
ing device is configured to determine a position and move-
ment of the HMD within the real-world environment from
the plurality of images of the real-world environment. The
processing device is configured to determine a position of
the hand-held controller relative to the HMD from the
plurality of images of the hand-held controller. The process-
ing device is configured to modify a state output by execu-
tion of the application according to the position and move-
ment of the HMD and changes in the position of the
hand-held controller. The HMD is configured to update the
plurality of image scenes displayed in the HMD according
to the modification of the state.
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2

In an embodiment, a method for tracking a hand-held
controller relative to an HMD is described. The method
includes displaying a plurality of image scenes having
content generated by execution of an application. The HMD
has a lower region having a camera and the camera has a
capture view directed downward from the HMD. The
method further includes capturing, by the camera, a plurality
of images of the hand-held controller with respect to the
HMD. The method includes receiving a plurality of images
of a real-world environment surrounding the HMD and the
plurality of images of the hand-held controller. The method
further includes determining a position and movement of the
HMD within the real-world environment from the plurality
of images of the real-world environment. The method
includes determining a position of the hand-held controller
relative to the HMD from the plurality of images of the
hand-held controller. The method further includes modify-
ing a state output by execution of the application according
to the position and movement of the HMD and changes in
the position of the hand-held controller. The method
includes updating the plurality of image scenes displayed in
the HMD according to the modification of the state.

In an embodiment, a computer-readable medium contain-
ing program instructions for tracking a hand-held controller
relative to an HMD is described. Execution of the program
instructions by one or more processors of a computer system
causes the one or more processors to carry out a plurality of
operations of the method described above.

Some advantages of the herein described systems and
methods include that a camera on a lower region of the
HMD faces a hand-held controller (HHC). As such, chances
of the HHC being out of view of the camera on the lower
region are reduced. Also, the camera on the lower region
moves with the HMD, which moves with the user. Accord-
ingly, the camera on the lower region of the HMD captures
one or more images of movement of the HHC when an
outside-in tracking camera, such as a camera facing the
HMD, cannot capture movement of the HHC.

Other aspects described will become apparent from the
following detailed description, taken in conjunction with the
accompanying drawings, illustrating by way of example the
principles of embodiments described in the present disclo-
sure.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments described in the present disclosure
may best be understood by reference to the following
description taken in conjunction with the accompanying
drawings in which:

FIG. 1A is a diagram of a system to illustrate tracking of
a hand-held controller (HHC) by a camera of a head-
mounted display (HMD).

FIG. 1B is a diagram of an embodiment of a system to
illustrate that there is no need to use an outside-in tracking
camera to determine a position and an orientation of the
HMD.

FIG. 1C is a diagram of an embodiment of a system to
illustrate a reference point of the HMD when the HMD
moves in a real-world environment.

FIG. 1D is a diagram of an embodiment of a system to
illustrate a three-dimensional volume of a field-of-view of
the camera of the HMD.

FIG. 2A is a diagram of an embodiment of a system to
illustrate a position 1 of the HHC with respect to a reference
coordinate system on the camera of the HMD.
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FIG. 2B is a diagram of an embodiment of a system to
illustrate another position 2 of the HHC with respect to the
reference coordinate system on the camera of the HMD.

FIG. 2C is a diagram of an embodiment of a system to
illustrate another position 3 of the HHC with respect to the
reference coordinate system on the camera of the HMD.

FIG. 3A is a diagram of an embodiment of a system to
illustrate a position a of the HMD with respect to a reference
coordinate system of the real-world environment.

FIG. 3B is a diagram of an embodiment of a system to
illustrate another position b of the HMD with respect to the
reference coordinate system of the real-world environment.

FIG. 3C is a diagram of an embodiment of a system to
illustrate a position ¢ of the HMD with respect to the
reference coordinate system of the real-world environment.

FIG. 4A is a diagram of an embodiment of a system to
illustrate the position a of the HMD with respect to the
reference coordinate system of the real-world environment
and the position 1 of the HHC with respect to the reference
co-ordinate system of the camera of FIG. 3A.

FIG. 4B is a diagram of an embodiment of a system to
illustrate the position b of the HMD with respect to the
reference coordinate system of the real-world environment
and the position 2 of the HHC with respect to the reference
co-ordinate system of the camera of FIG. 3B.

FIG. 4C is a diagram of an embodiment of a system to
illustrate the position ¢ of the HMD with respect to the
reference coordinate system of the real-world environment
and the position 3 of the HHC with respect to the reference
co-ordinate system of the camera of FIG. 3C.

FIG. 5A is a perspective view of an embodiment of a
video game controller for interfacing with an interactive
program.

FIG. 5B is a diagram of an embodiment of the video game
controller having an orientation 1 as viewed by the camera
of the HMD.

FIG. 5C is a diagram of an embodiment of the video game
controller having an orientation 2 as viewed by the camera
of the HMD.

FIG. 5D is a diagram of an embodiment of the video game
controller having an orientation 3 as viewed by the camera
of the HMD.

FIG. 6 is a diagram of an embodiment of a system to
illustrate an HMD with multiple cameras.

FIG. 7A is a diagram of an embodiment of a bottom
isometric view of an HMD.

FIG. 7B is a diagram of an embodiment of a top isometric
view of the HMD of FIG. 7A.

FIG. 7C is a diagram of a bottom view of an embodiment
of an HMD to illustrate multiple cameras at a lower region
of the HMD.

FIG. 7D is a diagram of a top view of an embodiment of
the HMD of FIG. 7C to illustrate multiple cameras at an
upper region of the HMD.

FIG. 8A is a bottom view of an embodiment of an HMD.

FIG. 8B is another bottom view of an embodiment of an
HMD.

FIG. 8C is yet another bottom view of an embodiment of
an HMD.

FIG. 8D is a bottom view of an embodiment of an HMD.

FIG. 8E is a bottom view of an embodiment of an HMD.

FIG. 9A is a diagram of a bottom view of an embodiment
of an HMD to illustrate locations of multiple cameras at a
lower region of an HMD.

FIG. 9B is a diagram of a bottom view of an embodiment
of an HMD to illustrate locations of multiple cameras at a
lower region of an HMD.
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FIG. 9C is a diagram of a bottom view of an embodiment
of an HMD to illustrate locations of multiple cameras at a
lower region of an HMD.

FIG. 10A is a diagram of an embodiment of a system to
illustrate a determination of a position of an HMD with
reference to a reference coordinate system.

FIG. 10B is a diagram of an embodiment of a system to
illustrate use of projectors and detectors on an HMD to
determine a position and an orientation of the HMD.

FIG. 11 is a diagram of an embodiment of a system to
illustrate dead reckoning.

FIG. 12 is a diagram of an embodiment of a system to
illustrate stitching of image frames based on times at which
images of the HHC are captured by different cameras of an
HMD.

FIG. 13 is an isometric view of an HMD.

FIG. 14 illustrates a system for interactive game play of
a video game.

FIG. 15 illustrates an HMD.

FIG. 16 illustrates one example of game play using a
computer that is capable of generating and providing video
game content to an HMD worn by a user.

FIG. 17 is a block diagram to illustrate example compo-
nents of an HMD.

FIG. 18 illustrates an embodiment of an Information
Service Provider architecture.

FIG. 19 is a block diagram to illustrate example compo-
nents of an HHC.

DETAILED DESCRIPTION

Systems and methods for determining movement a hand-
held controller (HHC) with respect to a head-mounted
display (HMD) are described.

It should be noted that various embodiments described in
the present disclosure may be practiced without some or all
of these specific details. In other instances, well known
process operations have not been described in detail in order
not to unnecessarily obscure various embodiments described
in the present disclosure.

FIG. 1A is a diagram of a system 100 to illustrate tracking
of'an HHC 102 by a camera 108 of an HMD 104. The system
100 includes a computing device 112, a computer network
114, a game cloud system 116, a camera 118, the HMD 104,
and the HHC 102. Examples of a camera, such as the camera
118, as used herein include a fisheye camera, a depth
camera, an image capturing device, an infrared LED camera,
and a Sony™ PlayStation™ camera. The camera 118 is an
outside-in tracking camera and the camera 108 is an inside-
out tracking camera. Moreover, examples of the camera 108
include a depth camera, and LED camera, an infrared LED
camera, and an image capturing device. Examples of the
computing device 112 include a game console, a computer,
a tablet, a router, a processor, and a smart phone. The
computer network 114 can be a wide area network (WAN)
such as the Internet, or a local area network (LAN) such as
an intranet. The game cloud system 116 includes one or
more servers that execute an application, such as a game
application or a video conferencing application. As an
example, the game cloud system 116 includes virtual
machines or distributed gaming nodes to execute the appli-
cation. Examples of the HHC 102 include a video game
controller and a Sony™ DualShock™ controller.

The camera 108 is fitted to a lower region of the HMD 104
so that the camera 108 faces the HHC 102. For example, the
camera 108 is fitted to a curved lower surface of the HMD
104. The lower region of the HMD 104 is below a display
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screen of the HMD 602. The camera 118 is placed within a
real-world environment, such as a room or an enclosed space
or a cubicle or a warehouse, in which a user 106, the HMD
104, and the HHC 102 are located. The camera 118 faces the
HMD 104, the HHC 102, and the user 106.

The camera 118 is coupled to the computing device 112
via a wired or a wireless connection. Moreover, the HMD
104 is coupled to the computing device 112 via a wired or
a wireless connection. Examples of a wireless connection, as
used herein, include a Bluetooth™ connection and a Wi-
Fi™ connection. Examples of a wired connection, as used
herein, include a cable that provides a parallel transfer of
data or is a universal serial bus (USB) connection. The
computing device 112 is coupled to the game cloud system
116 via the computer network 114.

The user 106 wears the HMD 104 on his/her head.
Moreover, the user 106 holds the HHC 102 within his/her
hands. The user 106 provides his or her login information by
using one or more input buttons on the HHC 102. The login
information is provided from the HHC 102 via the comput-
ing device 112 and the computer network 114 to the game
cloud system 116. The one or more servers of the game
cloud system 116 authenticate the login information to
provide access to a user account A that is stored within the
game cloud system 116. The user account A is assigned to
the user 106 by the one or more servers of the game cloud
system 116.

Once the user 106 is provided access to the user account
A, the user 106 selects one or more input buttons on the
HHC 102 or moves one or more joysticks on the HHC 102
or moves the HHC 102 or moves the HMD 104, or performs
a combination of these moves and selections. When the
HHC 102 is moved and/or the one or more input buttons on
the HHC 102 are selected and/or the one or more joysticks
on the HHC 102 are moved, one or more sensors of the HHC
102 generate input data that is sent from the HHC 102 via
the wired or wireless connection to the computing device
112. Similarly, when the HMD 104 is moved, one or more
sensors of the HMD 104 generate input data that is sent from
the HMD 104 via the wired or wireless connection to the
computing device 112. The movement of the HMD 104
occurs with respect to a reference coordinate system, such as
an xyz coordinate system, of the real-world environment.
For example, there is a change in a position and an orien-
tation of the HMD 104 with respect to the reference coor-
dinate system of the real-world environment. Moreover, the
movement of the HHC 102 occurs with respect to another
reference coordinate system, such as an XYZ coordinate
system, that is fixed on the HMD 104. Examples of one or
more sensors, as described herein, include capacitive sensors
and inertial sensors. Examples of the inertial sensors include
gyroscopes, accelerometers, and magnetometers.

In addition, the camera 108 of the HMD 104 captures one
or more images of movement, by the user 106, of the HHC
102 within a field-of-view (FOV) 110 of the camera 108 and
sends the images via the wired or wireless connection to the
computing device 112. The FOV 110 is sometimes referred
to herein as an interaction zone. The images captured by the
camera 108 include images of a portion of the real-world
environment that is within the FOV 110 and also includes
the images of the HHC 102. The camera 108 is directed
downward from the HMD 104 to face a floor of the
real-world environment in which the HMD 104, the HHC
102, the computing device 112, and the user 106 are located.
The floor is within the FOV 110. For example, a lens of the
camera 108 has an aperture that receives light that is
reflected from the floor. In this example, the aperture does
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not receive light reflected from any wall of the real-world
environment unless the user 106 lifts his/her head up so that
the aperture faces the wall. When the user 110 is facing the
wall, the aperture of the camera 108 is facing downward
towards the floor and so the FOV 110 extends downward
towards the floor.

The FOV 110 is a three-dimensional field-of-view that has
a height in a y direction, a width in an x-direction and a
depth in a z-direction. The y-direction, the x-direction, and
the z-direction are described below. Also, the camera 118
that is facing the HMD 104 captures one or more images of
the real-world environment and the images include move-
ment, by the user 106, of the HMD 104 within a field-of-
view 111 of the camera 118. The capturing of the one or
more images of the movement of the HMD 104 with respect
to the XYZ coordinate system of the camera 118 is some-
times referred to herein as outside-in tracking. The images
captured by the camera 118 are sent via the wired or wireless
connection to the computing device 112.

The computing device 112 sends information data, such
as the input data received from the HMD 104, the input data
received from the HHC 102, the images received from the
camera 108, and the images received from the camera 118,
via the computer network 114 to the one or more servers of
the game cloud system 116. The one or more servers of the
game cloud system 116 receive the information data and
execute the application to change a state of a virtual scene
that is being displayed on a display screen of the HMD 104
to output another state of the virtual scene. A state of the
virtual scene is sometimes referred to herein as content. To
illustrate, the one or more servers of the game cloud system
116 receive the images of movement of the HMD 104 with
respect to the xyz coordinate system of the camera 118 and
determines from the movement of the HMD 104 within the
images changes to one or more positions of the HMD 104
and changes to one or more orientations of the HMD 104.
The changes to the one or more positions of the HMD 104
are analyzed by the game cloud system 116 to determine
other one or more positions of the HMD 104 and changes to
one or more orientations of the HMD 104 are analyzed by
the game cloud system 116 to determine other one or more
orientations of the HMD 104. For example, a change in a
position of the HMD 104 from a point A to a point B is
analyzed to determined that the HMD 104 is now at the point
B. As another example, a change in an orientation of the
HMD 104 from an orientation A to an orientation B is
analyzed to determined that the HMD 104 is now at the
orientation B. The other one or more positions of the HMD
104 and the other one or more orientations of the HMD 104
correspond to the other state of the virtual scene. The
movement of the HMD 104 with respect to the xyz co-
ordinate system of the camera 118 is movement of the HMD
104 in the real-world environment.

Continuing with the illustration, the one or more servers
of the game cloud system 116 receive the images of move-
ment of the HHC 102 with respect to the XYZ coordinate
system of the HMD 104 and execute the application to
determine from the movement of the HHC 102 changes to
one or more positions of the HHC 102 to determine other
one or more positions of the HHC 102 and changes to one
or more orientations of the HHC 102 to determine other one
or more orientations of the HHC 102. The other one or more
positions of the HHC 102 and the other one or more
orientations of the HHC 102 correspond to the other state of
the virtual scene. The changes to the one or more positions
and the changes to the one or more orientations of the HHC
102 are determined with reference to the XYZ coordinate
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system of the camera 108. It should be noted that a move-
ment includes a plurality of positions and/or a plurality of
orientations. For example, the movement of the HHC 102
includes multiple positions and/or multiple orientations of
the HHC 102 and the movement of the HMD 104 has
multiple positions of the HMD 104 and/or multiple orien-
tations of the HMD 104.

It should be noted that a position of the HHC 102 includes
a distance in an X-direction from a reference coordinate,
such as an origin, of the XYZ coordinate system, a distance
in a Y-direction from the reference coordinate of the XYZ
coordinate system, and a distance in a Z-direction from the
reference coordinate of the X YZ coordinate system. Also, an
orientation of the HHC 102 includes an angle with respect
to an X-axis of the XYZ coordinate system, an angle with
respect to a Y-axis of the XYZ coordinate system, and an
angle with respect to a Z-axis of the XYZ coordinate system.
The X-axis is perpendicular to each of the Y-axis and the
Z-axis and the Y-axis is perpendicular to the Z-axis. The
X-direction is a direction of the X-axis, the Y-direction is a
direction of the Y-axis, and the Z-direction is a direction of
the Z-axis.

Similarly, it should be noted that a position of the HMD
104 in the real-world environment includes a distance in an
x-direction from a reference coordinate RM, such as an
origin (0, 0, 0), of the xyz coordinate system, a distance in
a y-direction from the reference coordinate RM of the xyz
coordinate system, and a distance in a z-direction from the
reference coordinate RM of the xyz coordinate system. Also,
an orientation of the HMD 104 includes an angle with
respect to an x-axis of the xyz coordinate system having the
reference coordinate RM, an angle with respect to a y-axis
of the xyz coordinate system, and an angle with respect to
a z-axis of the xyz coordinate system. The x-axis is perpen-
dicular to each of the y-axis and the z-axis and the y-axis is
perpendicular to the z-axis. The x-direction is a direction of
the x-axis, the y-direction is a direction of the y-axis, and the
z-direction is a direction of the z-axis.

Examples of the state of the virtual scene include a texture
of one or more virtual objects in the virtual scene, or a color
of the virtual objects, or an intensity of the virtual objects,
or graphics of the virtual objects, or audio data to be output
with a display of the virtual objects, or positions of the
virtual objects, or orientations of the virtual objects, a
texture of a virtual background of the virtual scene, or a
color of the virtual background, or an intensity of the virtual
background, or graphics of the virtual background, or audio
data to be output with a display of the virtual background,
or a position of the virtual background, or an orientation of
the virtual background. An example of the virtual back-
ground is a portion of a virtual scene that does not include
a virtual object.

The one or more servers of the game cloud system 116
changes the state of the virtual scene to generate multiple
frames, such as image or audio frames, and encodes the
multiple frames to output multiple encoded frames. The
multiple frames include a modified state, such as the other
state, of a modified virtual scene. The one or more servers
of the game cloud system 116 send the encoded frames via
the computer network 114 to the computing device 112. The
computing device 112 decodes the encoded frames and
sends the decoded frames to the HMD 104 via the wired or
wireless connection. A video processor of the HMD 104
changes or updates the display of the virtual scene according
to the decoded frames to display the modified virtual scene
on the HMD 104 and/or an audio processor of the HMD 104
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changes sound output with the virtual scene. The sound is
output via one or more speakers of the HMD 104.

In one embodiment, instead of the HHC 102, another type
of controller, such as a gun-shaped controller or a Sony™
Move™ controller is used.

In one embodiment, there is no computing device 112
used between the HMD 104 and the game cloud system 116.
For example, functions described herein has been performed
by the computing device 112 are instead performed by the
HMD 104 and there is no computing device 112 placed
between the HMD 104 and the computer network 114. To
further illustrate, functions described herein as being per-
formed by the computing device 114 are performed by one
or more processors integrated within the HMD 104. As
another example, functions described herein of transferring
data between the HMD 104 and the game cloud system 116
are performed by a wireless access card (WAC) within the
HMD 104. The WAC of the HMD 104 communicates with
the computer network 114. As another illustration, functions
described herein of transferring data, described herein,
between the HMD 104 and the game cloud system 116 are
performed by a broadband communication integrated circuit
(IC) within the HMD 104. An example of the broadband
communication IC is a subscriber identity module (SIM)
card. The broadband communication IC communicates data,
described herein, with a cellular network including multiple
cell towers, which communicate with the computer network
114. As yet another example, the HMD 104 includes a
communication circuit for communicating via a short-range
wireless protocol, such as a Wi-Fi™ protocol or a Blu-
etooth™ protocol, to a router. The router is within the
real-world environment and coupled to the computer net-
work 114.

FIG. 1B is a diagram of an embodiment of a system 120
to illustrate that there is no need to use the camera 118 (FIG.
1A) to determine a position and an orientation of the HMD
104. Rather, inside-out tracking is performed with the cam-
era 108. The position, movement, and orientation of the
HMD 104 with respect to a reference coordinate system,
such as an xyz coordinate system, of the real-world envi-
ronment is tracked using the camera 108 of the HMD 104.

The system 120 includes the HMD 104, the HHC 102, and
the computing device 112. The computing device 112 rests
on a support 122, such as a table or a television stand, which
is located within the real-world environment in which the
HMD 104 and the HHC 102 are located. At a bottom of the
support 112, the xyz coordinate system of the real-world
environment is located.

As the user 106 moves towards or away from a reference
point RA, such as an origin (0, 0, 0), of the xyz coordinate
system of the real-world environment, the camera 108 tracks
a change in a position of the HMD 104 with respect to the
reference point RA. Similarly, as the user 106 moves his/her
head with respect to the reference point RA, the camera 108
tracks a change in an orientation of the HMD 104 with
respect to the xyz coordinate system of the real-world
environment. The tracking by the camera 108 of the position
and orientation of the HMD 104 with respect to the xyz
coordinate system of the real-world environment is some-
times referred to herein as inside-out tracking of the HMD
104. The camera 108 captures one or more images of a
portion of the real-world environment within the FOV 110
of the camera 108 and the one or more images includes the
reference point RA.

In addition to tracking of the position and orientation of
the HMD 104 by the camera 108 of the HMD 104, the HMD
104 includes the inertial sensors that output inertial data,
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such as measurements of an acceleration of the HMD 104,
measurements of an angular velocity of the HMD 104,
measurements of a position of the HMD 104, and measure-
ments of an orientation of the HMD 104 with respect to a
coordinate system of the inertial sensors. For example, the
gyroscope of the HMD 104 measures an angular velocity of
the orientation of HMD 104 with respect to a coordinate
system of the gyroscope. The coordinate system of the
gyroscope has a spin axis. The spin axis is equivalent to the
y-axis, described above and points vertically up in one
direction and down in an opposite direction. It should be
noted that the co-ordinate system of the inertial sensors of
the HMD 104 is an example of a coordinate system of the
real-world environment. The inertial data that is generated
by the sensors of the HMD 104 is an example of the input
data that is generated by the HMD 104.

The one or more images of the real-world environment
captured by the camera 108 and the inertial data generated
by the sensors of the HMD 104 are sent via the wired or
wireless connection to the computing device 112. The com-
puting device 112 sends the one or more images of the
real-world environment and the inertial data generated by
the sensors of the HMD 104 via the computer network 114
(FIG. 1A) to the game cloud system 116 (FIG. 1A) for
changing the state of the virtual scene.

In one embodiment, the xyz coordinate system of the
real-world environment is located at any point on a surface
of the support 122 or at any point within the real-world
environment. For example, the xyz coordinate system of the
real-world environment is located at a corner of the room in
which the HMD 104 and the HHC 102 are located.

In an embodiment, instead of the camera 108 being
located at the lower region of the HMD 104, a camera (not
shown) is located on a top surface 122 of the HHC 102. The
top surface 122 is a surface on which the buttons and
joysticks of the HHC 102 are located. The camera (not
shown) located on the top surface 122 of the HHC 102
captures one or more images of the HMD 104 and has a
reference coordinate system whose reference point, such as
an origin, is located on the camera (not shown). The one or
more images of the HMD 104 captured by the camera (not
shown) on the top surface 122 of the HHC 102 include a
position and an orientation of the HMD 104 with respect to
the reference coordinate system of the camera (not shown).
The HHC 102 sends the images captured by the camera (not
shown) of the HHC 102 via the wired or wireless connection
to the computing device 112. The computing device 112
sends the images captured by the camera (not shown) of the
HHC 102 via the computer network 114 to the game cloud
system 116. The game cloud system 116 determines the
position, movement, and the orientation of the HMD 104
with respect to the HHC 102 from the images captured by
the camera (not shown) of the HHC 102 and changes the
state of the virtual scene according to the position and the
orientation.

In one embodiment, the position and orientation of the
HMD 104 as measured by the inertial sensors of the HMD
104 drift after some time of use of the HMD 104 by the user
106. For example, the position and orientation of the HMD
104 that are tracked by the inertial sensors of the HMD 104
become inaccurate and have errors after some time. In this
case, the one or more images generated by the camera 118
of the real-world environment and/or the camera 108 are
used by the one or more servers of the game cloud system
116 to adjust the inaccurate position and the inaccurate
orientation of the HMD 104. For example, when the inac-
curate orientation is measured by the inertial sensors of the
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HMD 104 is (X1,Y1,71) and an orientation of the HMD 104
derived from the one or more images by the one or more
servers of the game cloud system 116 is (X2,Y2,72), the one
or more servers of the game cloud system 116 determine that
the orientation of the HMD 104 is (X2,Y2,72) and not
(X1,Y1,71). As such, the one or more servers of the game
cloud system 116 correct for the drift in the inertial sensors
of the HMD 104.

In an embodiment, the camera 108 pre-scans the real-
world environment surrounding the camera 108 to capture
images of an object having the reference point RA and one
or more additional objects having one or more other refer-
ence points in the real-world environment. For example,
before execution of the application for game play, the
camera 108 captures the images of the real-world environ-
ment. Before the game play, the HMD 104 can display an
instruction for the user 106 to move his/her head to obtain
a partial view or a full view, such as a 360 degree view, of
the real-world environment. Upon viewing the instruction,
the user 106 moves his or her head and the camera 108 of
the HMD 104 captures the images of the object and the one
or more additional objects. The images are sent via the
computing device 112 and the computer network 114 to the
game cloud system 116. The game cloud system 116 iden-
tifies from the images the objects and fixes the reference
points. During game play or execution of the application, the
camera 108 captures one or more additional images having
the reference point RA and one or more other reference
points of the real-world environment, and sends the images
to the game cloud system 116 via the computing device 112
and the computer network 114. The game cloud system 116
determines a movement of the HMD 104 with respect to the
reference point RA and the one or more other reference
points.

FIG. 1C is a diagram of an embodiment of a system 130
to illustrate the reference point of the HMD 104 when the
HMD 104 moves in the real-world environment. The HMD
104 moves when the user 106 of FIG. 1B moves. The
reference point of the HMD 104 is at a position P1 at a time
t1. At the time t1, the HHC 102 is at a position PO1 within
the real-world environment. The position PO1 of the HHC
102 is determined with reference to the position P1 of the
HMD 104 at the time t1. For example, at the time t1, the
camera 108 of the HMD 104 captures one or more images
that include the position PO1 of the controller HHC 102 with
reference to the position P1 of the HMD 104. The one or
more servers of the game cloud system 116 (FIG. 1A)
receive the one or more images via the computing device
112 (FIG. 1A) and the computer network 114 (FIG. 1A)
from the camera 108 to identify the position PO1 of the
controller HHC 102 with reference to the position P1 of the
HMD 104. The positions PO1 and P1 are then used by the
one or more servers of the game cloud system 116 to execute
the application to change the state of the virtual scene.

The reference point of the HMD 104 moves from the
position P1 to a position P2 at a time t2. Also, at the time t2,
the HHC 102 is at a position PO2 within the real-world
environment. At the time t2, the camera 108 of the HMD 104
captures one or more images that include the position PO2
of the HHC 102 with reference to the position P2 of the
HMD 104. The one or more servers of the game cloud
system 116 receive the one or more images via the comput-
ing device 112 and the computer network 114 and identify
the position PO2 of the HHC 102 with reference to the
position P2 of the HMD 104 to change the state of the virtual
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scene based on the change in the position from PO1 to PO2
of the HHC 102 and the position from P1 to P2 of the HMD
104.

Similarly, at a time t3, the camera 108 captures a position
PO3 of the HHC 102 with respect to a position P3 of the
HMD 104 to facilitate the change in the state of the virtual
scene. The state of the virtual scene changes based on the
change in the position of the HMD 104 from the position P2
to the position P3 and the change in the position of the HMD
104 from the position PO2 to the position PO3. Also, at a
time t4, the camera 108 captures a position PO4 of the HHC
102 with respect to a position P4 of the HMD 104 to
facilitate the change in the state of the virtual scene. The
state of the virtual scene changes based on the change in the
position of the HMD 104 from the position P3 to the position
P4 and the change in the position of the HMD 104 from the
position PO3 to the position PO4.

FIG. 1D is a diagram of an embodiment of a system 130
to illustrate a three-dimensional volume, such as a polygonal
volume, of the FOV 110 of the camera 108. The system 130
includes the HMD 104 and the real-world environment. The
FOV 110 starts from the camera 108 and creates the three-
dimensional volume that extends until a portion 132 located
on a floor F of the real-world environment. The floor F is
perpendicular to a wall W1 of the real-world environment
and the wall W1 is perpendicular or substantially perpen-
dicular to another wall W2 of the real-world environment.
The floor F is also perpendicular or substantially perpen-
dicular to the wall W2. The portion 132 is a rectangular
portion that has a diagonal DR, a length LR, and a width
WR. The length LR is sometimes referred to herein as a
vertical range, the width WR is sometimes referred to herein
as a horizontal range, and the diagonal DR is sometimes
referred to herein as a diagonal range.

Within the FOV 110 is an object O1 that is placed on the
floor F. The object O1 has a vertical surface VS and a
horizontal surface HS. The horizontal surface HS is a top
surface of the object O1 and is adjacent to the vertical
surface VS. As an example, the horizontal surface HS is
perpendicular or substantially perpendicular to the vertical
surface VS. At an intersection of the horizontal surface HS
and the vertical surface VS, a reference coordinate RB, such
as an origin (0, 0, 0), of a reference coordinate system is
located. The reference coordinate system having the refer-
ence coordinate RB on the object O1 is an xyz coordinate
system of the real-world environment. The xyz coordinate
system on the object O1 has the x-axis, the y-axis, and the
Z-axis.

The camera 108 captures one or more images of the object
O1 and the portion 132 and the HMD 104 sends the images
via the computing device 112 of FIG. 1A and the computer
network 114 of FIG. 1A to the game cloud system 116 of
FIG. 1A. The one or more servers of the game cloud system
116 identify the position of the camera 108 with respect to
the reference coordinate RB and the position includes a
distance along the x-direction from the reference coordinate
RB on the object O1, a distance along the y-direction from
the reference coordinate RB, and a distance along the
z-direction from the reference coordinate RB. Also, the one
or more servers of the game cloud system 116 identify the
orientation of the camera 108 and the orientation includes an
angle formed with respect to the reference coordinate RB
with respect to the x-axis of the reference coordinate system
on the object O1, an angle formed with respect to the y-axis
of the reference coordinate system on the object O1, and an
angle formed with respect to the z-axis of the reference
coordinate system on the object O1.
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In one embodiment, the portion 132 has another shape,
such as a polygon shape or an oval shape or a circular shape
or trapezoidal shape or rhombus shape.

In an embodiment, a reference co-ordinate system 133 of
the real-world environment is located at an intersection of
the wall W1, the wall W2, and the floor F. The reference
co-ordinate system 133 includes an x axis, a y axis, and a z
axis, and an intersection point of the x, y, and z axes is a
reference point, such as an origin (0, 0, 0). The intersection
point is at an intersection of the wall W1, the wall W2, and
the floor F. The x-axis is in a direction of the wall W2 from
the reference point, the y-axis is in a direction of the wall W1
from the reference point, and the z-axis is in a direction of
the floor F from the reference point. The FOV 110 includes
the reference point when an aperture of the camera 108 is
directed towards the FOV 110.

FIGS. 2A-2C are diagrams of embodiments of a system
200 to illustrate a change in positions of the HHC 102 when
the HMD 104 is held still and an effect of the change in the
positions on virtual scenes that are displayed on the HMD
104. FIG. 2A is a diagram of an embodiment of the system
200 to illustrate a position 1 of the HHC 102 with respect to
the reference coordinate system on the camera 108. The
system 200 includes the HHC 102 and the HMD 104. The
reference coordinate system on the camera 108 has a refer-
ence coordinate R1, such as an origin (0, 0, 0). The position
1 of the HHC 102 has coordinates (X1, Y1, Z1) with respect
to the reference coordinate R1 of the reference coordinate
system on the camera 108.

The camera 108 captures one or more images of the HHC
102 at the position 1 and sends the images via the computing
device 112 (FIG. 1A) and the computer network 114 (FIG.
1A) to the game cloud system 116 (FIG. 1A). The game
cloud system 116 determines a change in the state of the
virtual scene displayed on a display screen of the HMD 104
based on the position 1 identified from the images to
generate one or more frames having a state of a virtual scene
202A to be displayed on the HMD 104. A virtual scene is
sometimes referred to herein as an image scene. The frames
having the state of the virtual scene 202A are encoded by the
game cloud system 116 to output one or more encoded
frames. The one or more encoded frames having the state of
the virtual scene 202A are sent from the game cloud system
116 via the computer network 114 to the computing device
112. The computing device 114 decodes the encoded frames
having the state of the virtual scene 202A to output one or
more frames and sends the one or more frames via the wired
or wireless connection to the HMD 104 for display of the
virtual scene 202A on the HMD 104. The virtual scene 202A
includes one or more virtual objects, such as a virtual house,
a virtual gun, a virtual tree, and a virtual crosshair. The
virtual crosshair in the virtual scene 202A has a position A,
which is determined by the game cloud system 116 based on
the position 1 of the HHC 102 with respect to the reference
coordinate R1 on the camera 108.

FIG. 2B is a diagram of an embodiment of the system 200
to illustrate another position 2 of the HHC 102 with respect
to the reference coordinate system on the camera 108. There
is none or minimal movement of the HMD 104 compared to
the position of the HMD 104 illustrated in FIG. 2A. The
reference coordinate system on the camera 108 has the same
reference coordinate R1. For example, the reference coor-
dinate R1 is at a position within the real-world environment
that is at the same location or substantially at the same
location with respect to the camera 118 (FIG. 1A). The
position 2 of the HHC 102 has coordinates (X2, Y2, Z2) with
respect to the reference coordinate R1 of the reference



US 11,347,303 B2

13
coordinate system on the camera 108. The position 2 of the
HHC 102 is achieved when the user 106 moves the HHC
102 to his/her right compared to the position 1 (FIG. 2A) of
the HHC 102.

The camera 108 captures one or more images of the HHC
102 at the position 2 and sends the images via the computing
device 112 (FIG. 1A) and the computer network 114 (FIG.
1A) to the game cloud system 116 (FIG. 1A). The game
cloud system 116 determines a change in the state of the
virtual scene based on the position 2 identified from the
images to generate one or more frames having a state of a
virtual scene 202B to be displayed on the HMD 104. The
frames having the state of the virtual scene 202B are
encoded by the game cloud system 116 to output one or
more encoded frames. The one or more encoded frames
having the state of the virtual scene 202B are sent from the
game cloud system 116 via the computer network 114 to the
computing device 112. The computing device 114 decodes
the encoded frames having the state of the virtual scene
202B to output one or more frames and sends the one or
more frames via the wired or wireless connection to the
HMD 104 for display of the virtual scene 202B on the HMD
104. The virtual scene 202B includes the virtual objects
described above with reference to FIG. 2A. The virtual
crosshair in the virtual scene 202B has a position B, which
is determined by the game cloud system 116 based on the
position 2 of the HHC 102. It should be noted that the
position B has moved to the right of the position A of the
virtual crosshair within the scene 202A.

FIG. 2C is a diagram of an embodiment of the system 200
to illustrate yet another position 3 of the HHC 102 with
respect to the reference coordinate system on the camera
108. The reference coordinate system on the camera 108 has
the same reference coordinate R1. The position 3 of the
HHC 102 has coordinates (X3, Y3, Z3) with respect to the
reference coordinate R1 of the reference coordinate system
on the camera 108. The position 3 of the HHC 102 is
achieved when the user 106 moves the HHC 102 to his/her
right compared to the position 2 (FIG. 2B) of the HHC 102.

The camera 108 captures one or more images of the HHC
102 at the position 3 and sends the images via the computing
device 112 (FIG. 1A) and the computer network 114 (FIG.
1A) to the game cloud system 116 (FIG. 1A). The game
cloud system 116 determines a change in the state of the
virtual scene based on the position 3 identified from the
images to generate one or more frames having a state of a
virtual scene 202C to be displayed on the HMD 104. The
frames having the state of the virtual scene 202C are
encoded by the game cloud system 116 to output one or
more encoded frames. The one or more encoded frames
having the state of the virtual scene 202C are sent from the
game cloud system 116 via the computer network 114 to the
computing device 112. The computing device 114 decodes
the encoded frames having the state of the virtual scene
202C to output one or more frames and sends the one or
more frames via the wired or wireless connection to the
HMD 104 for display of the virtual scene 202C on the HMD
104. The virtual scene 202C includes the virtual objects
described above with reference to FIG. 2A. The virtual
crosshair in the virtual scene 202C has a position C, which
is determined by the game cloud system 116 based on the
position 3 of the HHC 102. It should be noted that the
position C has moved to the right of the position B of the
virtual crosshair within the scene 202B.

It should be noted that in FIGS. 2A-2C, there is none or
minimal movement in the camera 108 when there is none or
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minimal movement of the head of the user 106. The head of
the user 106 is still or substantially still in FIGS. 2A-2C.

In one embodiment, the virtual scene 202B includes one
or more additional virtual objects compared to those in the
virtual scene 202A or excludes one or more of the virtual
objects shown in the virtual scene 202A. Similarly, the
virtual scene 202C includes one or more additional virtual
objects compared to those in the virtual scene 202A or
excludes one or more of the virtual objects shown in the
virtual scene 202A.

In an embodiment, when the HHC 102 is at the position
1, the HHC 102 is at an orientation A with respect to the
reference coordinate system on the camera 108. The orien-
tation A forms an angle of (angle X1, angle Y1, angle Z1).
The angle X1 is formed with reference to the X axis of the
reference coordinate system on the camera 108, the angle Y1
is formed with respect to the Y axis of the reference
coordinate system on the camera 108 and the angle 71 is
formed with respect to the Z axis of the reference coordinate
system on the camera 108. Similarly, when the HHC 102 is
at the position 2, the HHC 102 is at an orientation B with
respect to the reference coordinate system on the camera
108. The orientation B forms an angle of (angle X2, angle
Y2, angle 72). The angle X2 is formed with reference to the
X axis of the reference coordinate system on the camera 108,
the angle Y2 is formed with respect to the Y axis of the
reference coordinate system on the camera 108 and the angle
72 is formed with respect to the Z axis of the reference
coordinate system on the camera 108. Also, when the HHC
102 is at the position 3, the HHC 102 is at an orientation C
with respect to the reference coordinate system on the
camera 108. The orientation C forms an angle of (angle X3,
angle Y3, angle Z3). The angle X3 is formed with reference
to the X axis of the reference coordinate system on the
camera 108, the angle Y3 is formed with respect to the Y
axis of the reference coordinate system on the camera 108
and the angle 73 is formed with respect to the Z axis of the
reference coordinate system on the camera 108. In an
embodiment, the angle X1 is the same as the angles X2 and
X3, the angle Y1 is the same as the angles Y2 and Y3 and
the angle 71 is the same as the angles 72 and 7Z3.

FIGS. 3A-3C are diagrams of embodiments of the system
200 to illustrate a change in positions of the HMD 104 when
the HHC 102 is held still or substantially still and an effect
of the change in the positions on virtual scenes that are
displayed on the HMD 104. FIG. 3A is a diagram of an
embodiment of the system 200 to illustrate a position a of the
HMD 104 with respect to the reference coordinate system of
the real-world environment. The reference coordinate sys-
tem of the real-world environment can be at a location of the
camera (not shown) on the HHC 102 or at a location of the
camera 118 (FIG. 1A) or at a point on a structure, such as a
wall or a floor or an object, within the real-world environ-
ment. The reference coordinate system on the camera 108
has the reference coordinate R1, which is at a position a with
respect to the reference coordinate system of the real-world
environment. The position a of the HMD 104 has coordi-
nates (xa, ya, za) with respect to the reference coordinate
system of the real-world environment. Moreover, the HHC
102 is at the position 1 with reference to the HMD 104.

A camera of the real-world environment, such as the
camera 118 or the camera (not shown) on the HHC 102,
captures one or more images of the HMD 104 at the position
a and sends the images via the computing device 112 (FIG.
1A) and the computer network 114 (FIG. 1A) to the game
cloud system 116 (FIG. 1A). The game cloud system 116
determines a change in the state of the virtual scene dis-
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played on a display screen of the HMD 104 based on the
position a identified from the images to generate one or more
frames having the state of the virtual scene 202A to be
displayed on the HMD 104. The frames having the state of
the virtual scene 202A are encoded and sent from the game
cloud system 116 via the computer network 114 and the
computing device 112 for display of the virtual scene 202A
on the HMD 104. The virtual crosshair in the virtual scene
202A has the position A, which is determined by the game
cloud system 116 based on the position 1 of the HHC 102
with respect to the reference coordinate R1 on the camera
108 of the HMD 104.

FIG. 3B is a diagram of an embodiment of the system 200
to illustrate a position b of the HMD 104 with respect to the
reference coordinate system of the real-world environment.
The reference coordinate system on the camera 108 has a
reference coordinate R2, which is at a position b with respect
to the reference coordinate system of the real-world envi-
ronment. The position b of the HMD 104 has coordinates
(xb, yb, zb) with respect to the reference coordinate system
of the real-world environment. Also, the HHC 102 is at the
position 1 with reference to the HMD 104. The HHC 102 is
at the same location or substantially at the same location
with respect to the camera 108 of the HMD 104 and there is
none or minimal movement between the position 1 of the
HHC 102 illustrated in FIG. 3A and the position 1 illustrated
in FIG. 3B.

The camera of the real-world environment captures one or
more images of the HMD 104 at the position b and sends the
images via the computing device 112 (FIG. 1A) and the
computer network 114 (FIG. 1A) to the game cloud system
116 (FIG. 1A). The game cloud system 116 determines a
change in the state of the virtual scene displayed on a display
screen of the HMD 104 based on the position b identified
from the images to generate one or more frames having a
state of a virtual scene 302A to be displayed on the HMD
104. The one or more frames having the state of the virtual
scene 302A are encoded by the game cloud system 116 to
output one or more encoded frames. The one or more
encoded frames having the state of the virtual scene 302A
are sent from the game cloud system 116 via the computer
network 114 to the computing device 112. The computing
device 112 decodes the encoded frames having the state of
the virtual scene 302A to output one or more frames and
sends the frames to the HMD 104 via the wired or wireless
connection. The HMD 104 receives the frames having the
state of the virtual scene 302A and displays the virtual scene
302A on the display screen of the HMD 104. The virtual
scene 302A has a partial image of the virtual house com-
pared to a complete image of the virtual house in the virtual
scene 202A. Moreover, the virtual scene 302A has a com-
plete image of the virtual tree compared to a partial image
of the virtual tree in the virtual scene 202A. Also, the virtual
scene 302A has the virtual crosshair that is pointing at the
virtual house compared to the virtual scene 202A in which
the virtual crosshair is not pointing at the virtual house but
to a portion of a virtual background of the virtual scene
202A. In the virtual scene 302A, due to a movement of the
HMD 104 to the right compared to the position a of the
HMD 104 in FIG. 3A, all virtual objects within the virtual
scene 302A move to the left compared to the virtual scene
202A.

The virtual crosshair in the virtual scene 302A has the
same position A, which is determined by the game cloud
system 116 based on the position 1 of the HHC 102 with
respect to the reference coordinate R1 of the camera 108
instead of the reference coordinate R2 of the camera 108.
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The position 1 of the HHC 102 is determined with reference
to the position a of the HMD 104 even though the HMD 104
has moved to the position b from the position a. For
example, the camera 108 captures one or more images of the
HHC 102 at the position 1 and sends the images via the
wired or wireless connection to the computing unit 112.
Also, the camera of the real-world environment captures one
or more images of the HMD 104 at the position b and sends
the images via the wired or wireless connection to the
computing unit 112. The computing unit 112 sends the
images of the HHC 102 at the position 1 and the images of
the HMD 104 at the position b via the computer network 114
to the game cloud system 116.

The game cloud system 116 determines from the images
the position 1 of the HHC 102 and the position b of the HMD
104. The game cloud system 116 determines that the posi-
tion 1 of the HHC 102 has not changed and a position of the
HMD 104 has changed from the position a to the position b.
Upon determining that that the position 1 of the HHC 102
has not changed and a position of the HMD 104 has changed
from the position a to the position b, the game cloud system
116 generates the state for the virtual scene 302A in which
the position A of the virtual crossbar stays the same as that
in the virtual scene 202A. The game cloud system 116
ignores the change in the position of the HMD 104 from the
position a to the position b upon determining that the
position 1 of the HHC 102 has not changed. Although there
is a change from a relative position between the HHC 102
at the position 1 and the HMD 104 at the position a to a
relative position between the HHC 102 at the position 1 and
the HMD 104 at the position b, the game cloud system 116
does not change the position A of the virtual crossbar.
Rather, virtual objects, such as the virtual tree and the virtual
house in the virtual scene 202A are moved.

FIG. 3C is a diagram of an embodiment of the system 200
to illustrate a position ¢ of the HMD 104 with respect to the
reference coordinate system of the real-world environment.
The reference coordinate system on the camera 108 has a
reference coordinate R3, which is at a position ¢ with respect
to the reference coordinate system of the real-world envi-
ronment. The position ¢ of the HMD 104 has coordinates
(xc, yc, zc) with respect to the reference coordinate system
of the real-world environment. Also, the HHC 102 is at the
position 1 with reference to the HMD 104. There is no
change or minimal change in movement of the HHC 102
from the position 1 illustrated in FIG. 3B.

The camera of the real-world environment captures one or
more images of the HMD 104 at the position ¢ and sends the
images via the computing device 112 (FIG. 1A) and the
computer network 114 (FIG. 1A) to the game cloud system
116 (FIG. 1A). The game cloud system 116 determines a
change in the state of the virtual scene displayed on a display
screen of the HMD 104 based on the position ¢ identified
from the images to generate one or more frames having a
state of a virtual scene 302B to be displayed on the HMD
104. The one or more frames having the state of the virtual
scene 302B are encoded by the game cloud system 116 to
output one or more encoded frames. The one or more
encoded frames having the state of the virtual scene 302B
are sent from the game cloud system 116 via the computer
network 114 to the computing device 112. The computing
device 112 decodes the encoded frames having the state of
the virtual scene 302B to output one or more frames and
sends the frames to the HMD 104 via the wired or wireless
connection. The HMD 104 receives the frames having the
state of the virtual scene 302B and displays the virtual scene
302B on the display screen of the HMD 104. The virtual



US 11,347,303 B2

17

scene 302B does not have an image of the virtual house
compared the partial image of the virtual house in the virtual
scene 302A. Moreover, the virtual scene 302B has a partial
image of the virtual tree compared to the complete image of
the virtual tree in the virtual scene 302A. Also, the virtual
scene 302B has the virtual crosshair that is pointing at the
virtual tree compared to the virtual scene 302A in which the
virtual crosshair is pointing at the virtual house. In the
virtual scene 302B, due to a movement of the HMD 104 to
the right compared to the position b of the HMD 104 in FIG.
3B, all virtual objects within the virtual scene 302B move to
the left compared to the virtual scene 302A.

The virtual crosshair in the virtual scene 302B has the
same position A, which is determined by the game cloud
system 116 based on the position 1 of the HHC 102 with
respect to the reference coordinate R1 of the camera 108
instead of the reference coordinate R3 of the camera 108.
The position 1 of the HHC 102 is determined with reference
to the position a of the HMD 104 even though the HMD 104
has moved to the position ¢ from the position b. For
example, the camera 108 captures one or more images of the
HHC 102 at the position 1 and sends the images via the
wired or wireless connection to the computing unit 112.
Also, the camera of the real-world environment captures one
or more images of the HMD 104 at the position ¢ and sends
the images via the wired or wireless connection to the
computing unit 112. The computing unit 112 sends the
images of the HHC 102 at the position 1 and the images of
the HMD 104 at the position ¢ via the computer network 114
to the game cloud system 116.

The game cloud system 116 determines from the images
the position 1 of the HHC 102 and the position ¢ of the HMD
104. The game cloud system 116 determines that the posi-
tion 1 of the HHC 102 has not changed and a position of the
HMD 104 has changed from the position b to the position c.
Upon determining that that the position 1 of the HHC 102
has not changed and a position of the HMD 104 has changed
from the position b to the position c, the game cloud system
116 generates the state for the virtual scene 302B in which
the position A of the virtual crossbar stays the same as that
in the virtual scene 202A. The game cloud system 116
ignores the change in the position of the HMD 104 from the
position b to the position ¢ upon determining that the
position 1 of the HHC 102 has not changed. Although there
is a change from a relative position between the HHC 102
at the position 1 and the HMD 104 at the position b to a
relative position between the HHC 102 at the position 1 and
the HMD 104 at the position ¢, the game cloud system 116
does not change the position A of the virtual crossbar.

It should be noted that in FIGS. 3A-3C, there is none or
minimal movement in the HHC 102 when there is none or
minimal movement of the hands of the user 106. The hands
of'the user 106 are still or substantially still in FIGS. 3A-3C.

In one embodiment, the virtual scene 302A includes one
or more additional virtual objects compared to those in the
virtual scene 202A or excludes one or more of the virtual
objects shown in the virtual scene 202A. Similarly, the
virtual scene 302B includes one or more additional virtual
objects compared to those in the virtual scene 202A or
excludes one or more of the virtual objects shown in the
virtual scene 202A.

FIGS. 4A-4C are diagrams of embodiments of the system
200 to illustrate a change in positions of the HMD 104
simultaneous with a change in positions of the HHC 102 and
an effect of the change in the positions on virtual scenes that
are displayed on the HMD 104. FIG. 4A is a diagram of an
embodiment of the system 200 to illustrate the position a of
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the HMD 104 with respect to the reference coordinate
system of the real-world environment and the position 1 of
the HHC 102 with respect to the reference co-ordinate R1 of
the camera 108. Also, the HHC 102 is at the position 1 with
reference to the HMD 104.

The camera of the real-world environment captures one or
more images of the HMD 104 at the position a and the
camera 108 captures one or more images of the HHC 102 at
the position 1. The images captured by the camera of the
real-world environment and the camera 108 are sent via the
computing device 112 (FIG. 1A) and the computer network
114 (FIG. 1A) to the game cloud system 116 (FIG. 1A). The
game cloud system 116 determines a change in the state of
the virtual scene displayed on a display screen of the HMD
104 based on the position a identified from the images of the
HMD 104 and the position 1 identified from the images of
the HHC 102 to generate one or more frames having the
state of the virtual scene 202A to be displayed on the HMD
104. The frames having the state of the virtual scene 202A
are encoded and sent from the game cloud system 116 via
the computer network 114 and the computing device 112 for
display of the virtual scene 202A on the HMD 104. The
virtual crosshair in the virtual scene 202A has the position A,
which is determined by the game cloud system 116 based on
the position 1 of the HHC 102 with respect to the reference
coordinate R1 on the camera 108 of the HMD 104.

FIG. 4B is a diagram of an embodiment of the system 200
to illustrate the position b of the HMD 104 with respect to
the reference coordinate system of the real-world environ-
ment while the HHC 102 is at the position 2. The camera 108
captures one or more images of the HHC 102 at the position
2 and sends the images via the wired or wireless connection
to the computing unit 112. Also, the camera of the real-world
environment captures one or more images of the HMD 104
at the position b and sends the images via the wired or
wireless connection to the computing unit 112. The com-
puting unit 112 sends the images of the HHC 102 at the
position 2 and the images of the HMD 104 at the position b
via the computer network 114 to the game cloud system 116.
The game cloud system 116 determines a change in the state
of the virtual scene displayed on a display screen of the
HMD 104 based on the positions 2 and b identified from the
images to generate one or more frames having a state of a
virtual scene 402A to be displayed on the HMD 104. The
one or more frames having the state of the virtual scene
402A are encoded by the game cloud system 116 to output
one or more encoded frames. The one or more encoded
frames having the state of the virtual scene 402A are sent
from the game cloud system 116 via the computer network
114 to the computing device 112. The computing device 112
decodes the encoded frames having the state of the virtual
scene 402A to output one or more frames and sends the
frames to the HMD 104 via the wired or wireless connec-
tion. The HMD 104 receives the frames having the state of
the virtual scene 402A and displays the virtual scene 402A
on the display screen of the HMD 104. The virtual scene
402A has a partial image of the virtual house compared to a
complete image of the virtual house in the virtual scene
202A. Moreover, the virtual scene 402A has a complete
image of the virtual tree compared to a partial image of the
virtual tree in the virtual scene 202A. Also, the virtual scene
402A has the virtual crosshair that is pointing at a different
location compared to the virtual scene 202A in which the
virtual crosshair is pointing to another location. In the virtual
scene 402A, due to a movement of the HMD 104 to the right
compared to the position a of the HMD 104 in FIG. 4A, all
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virtual objects within the virtual scene 402A move to the left
compared to the virtual scene 202A.

Also, the virtual crosshair in the virtual scene 402A has
the position B, which is determined by the game cloud
system 116 based on the position 2 of the HHC 102 with
respect to the reference coordinate R1 of the camera 108
instead of the reference coordinate R2 of the camera 108.
The position 2 of the HHC 102 is determined with reference
to the position a of the HMD 104 even though the HMD 104
has moved to the position b from the position a. For
example, the game cloud system 116 determines from the
images received from the camera 108 and the camera of the
real-world environment, the position 2 of the HHC 102 and
the position b of the HMD 104. The game cloud system 116
determines that the position 1 of the HHC 102 has changed
to the position 2 with respect to the previous position a of the
HMD 104 and a position of the HMD 104 has changed from
the position a to the position b. Upon determining that that
the position 1 of the HHC 102 has changed to the position
2 with respect to the previous position a of the HMD 104 and
a position of the HMD 104 has changed from the position a
to the position b, the game cloud system 116 generates the
state for the virtual scene 402A in which the position A of the
virtual crossbar changes to the position B in the virtual scene
402A. The game cloud system 116 ignores the change in the
position of the HMD 104 from the position a to the position
b in determining the position B of the virtual crossbar.
Although there is a change from a relative position between
the HHC 102 at the position 1 and the HMD 104 at the
position a to a relative position between the HHC 102 at the
position 2 and the HMD 104 at the position b, the game
cloud system 116 does not consider the change in the
position of the HMD 104 to determine the position B of the
virtual crossbar.

FIG. 4C is a diagram of an embodiment of the system 200
to illustrate the position ¢ of the HMD 104 with respect to
the reference coordinate system of the real-world environ-
ment while the HHC 102 is at the position 3. The camera 108
captures one or more images of the HHC 102 at the position
3 and sends the images via the wired or wireless connection
to the computing unit 112. Also, the camera of the real-world
environment captures one or more images of the HMD 104
at the position ¢ and sends the images via the wired or
wireless connection to the computing unit 112. The com-
puting unit 112 sends the images of the HHC 102 at the
position 3 and the images of the HMD 104 at the position ¢
via the computer network 114 to the game cloud system 116.
The game cloud system 116 determines a change in the state
of the virtual scene displayed on a display screen of the
HMD 104 based on the positions 3 and ¢ identified from the
images to generate one or more frames having a state of a
virtual scene 402B to be displayed on the HMD 104.

The one or more frames having the state of the virtual
scene 402B are encoded by the game cloud system 116 to
output one or more encoded frames. The one or more
encoded frames having the state of the virtual scene 402B
are sent from the game cloud system 116 via the computer
network 114 to the computing device 112. The computing
device 112 decodes the encoded frames having the state of
the virtual scene 402B to output one or more frames and
sends the frames to the HMD 104 via the wired or wireless
connection. The HMD 104 receives the frames having the
state of the virtual scene 402B and displays the virtual scene
402B on the display screen of the HMD 104. The virtual
scene 402B does not have an image of the virtual house
compared to the partial image of the virtual house in the
virtual scene 402A. Moreover, the virtual scene 402C has a
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partial image of the virtual tree compared to the complete
image of the virtual tree in the virtual scene 402A. Also, the
virtual scene 402B has the virtual crosshair that is pointing
at a different location in the virtual scene 402B compared to
the virtual scene 402A in which the virtual crosshair is
pointing to another location. The virtual crosshair is at the
position C in the virtual scene 402B and is at the position B
in the virtual scene 402A. In the virtual scene 402B, due to
a movement of the HMD 104 to the right compared to the
position b of the HMD 104 in FIG. 4B, all virtual objects
within the virtual scene 402B move to the left compared to
the virtual scene 402A.

The position C of the virtual crosshair is determined by
the game cloud system 116 based on the position 3 of the
HHC 102 with respect to the reference coordinate R1 of the
camera 108 instead of the reference coordinate R3 of the
camera 108. The position 3 of the HHC 102 is determined
with reference to the position a of the HMD 104 even though
the HMD 104 has moved to the position ¢ from the position
b. For example, the game cloud system 116 determines from
the images received from the camera 108 and the camera of
the real-world environment, the position 3 of the HHC 102
and the position ¢ of the HMD 104. The game cloud system
116 determines that the position 2 of the HHC 102 has
changed to the position 3 with respect to the previous
position a of the HMD 104 and a position of the HMD 104
has changed from the position b to the position ¢. Upon
determining that that the position 2 of the HHC 102 has
changed to the position 3 with respect to the previous
position a of the HMD 104 and a position of the HMD 104
has changed from the position b to the position ¢, the game
cloud system 116 generates the state for the virtual scene
402B in which the position B of the virtual crossbar changes
to the position C in the virtual scene 402B. The game cloud
system 116 ignores the change in the position of the HMD
104 from the position b to the position ¢ in determining the
position C of the virtual crossbar. Although there is a change
from a relative position between the HHC 102 at the position
2 and the HMD 104 at the position b to a relative position
between the HHC 102 at the position 3 and the HMD 104 at
the position ¢, the game cloud system 116 does not consider
the change in the position of the HMD 104 to determine the
position C of the virtual crossbar.

It should be noted that a position of the virtual crossbar in
a virtual scene is determined by the game cloud system 116
with respect to a point on a corner of the virtual scene. For
example, a position of the virtual crossbar in the virtual
scene 302A (FIG. 3B) is determined with reference to a
point at a top right corner of the virtual scene 302A. Each
virtual scene, described herein, has a polygonal shape, such
as a rectangular shape or a square shape. The rectangular or
square shape has four corners.

FIG. 5A illustrates a perspective view of a video game
controller 500 for interfacing with an interactive program,
such as the application executed by the game cloud system
116 (FIG. 1A), in accordance with an embodiment of
described in the present disclosure. The video game con-
troller 500 is an example of the HHC 102 of FIG. 1A. The
video game controller 500 includes a main body 502 and
extensions 504A and 504B that extend from the main body
502. The extension 504A and 504B are held by the user
106°s (FIG. 1A) left and right hands, respectively, and thus
function as handles to enable secure gripping of the video
game controller 500 by the user 106. On a top surface of the
main body 502, there are included various input devices,
such as buttons 506A, 506B, 506C, and 506D, joysticks
508A and 508B, and multiple directional pads 510A, 510B,
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510C, and 510D. Also shown is a top portion of a three-
dimensional (3D) control bar 512 which extends through the
main body 502 of the video game controller 500 from top to
bottom. A speaker 514 is provided for playing sounds which
provide feedback to the user 106.

Additionally, the video game controller 500 includes a
touch panel 516 defined along the back side of the main
body 502 which faces the user 106 when the extensions
504A and 504B are held by the user 106 in the left and right
hands, respectively. The touch panel 516 is oriented in a
substantially vertical fashion and situated between the exten-
sions 504A and 504B so that the user 106 holding the
extensions 504A and 504B can readily use the touch panel
516 with the thumb of either hand of the user 106. The touch
panel 516 utilizes a touch-sensitive technology (e.g. resis-
tive, capacitive, etc.) to detect touch gestures made by the
user 106. In the illustrated embodiment, the touch panel 516
also has a slight outward curvature from top to bottom which
provides a tactile sensation by virtue of its shape that enables
the user 106 to readily determine an approximate vertical
position of his/her thumb on the touch panel 516 based on
feeling alone.

The video game controller 500 includes a touch pad 518.
The touch pad 518 receives a touch or a selection, such as
a click, from the user 106 to generate the input data. The
touch pad 518 is located above the joysticks 508A and 508B
and between a group 520 of the buttons 506 A, 506B, 506C,
and 506D and another group 522 of the directional pads
510A, 510B, 510C, and 510D. Underneath the touch pad
518, there is a light bar 524. The light bar 524 includes a
light source, such as a string of light emitting diodes (LEDs)
or a string of incandescent lights or an infrared light bar.
Other examples of the light bar 524 include a reflective tape
or a marker. The light bar 524 is visible to the camera 108
(FIG. 1A) via the touch pad 518. The light bar 524 is a part
of'the touch pad 518 and the part is made from a translucent
material or a transparent material. The light bar 524 is
powered by a battery within the video game controller 500.

FIG. 5B is a diagram of an embodiment of the video game
controller 500 having an orientation 1 as viewed by the
camera 108 of the HMD 104 (FIG. 1A). On the main body
502, there is a marker 526, which is located between the
groups 520 and 522. Examples of the marker 526 include an
LED light source or an incandescent light source or a
reflective tape. The marker 526 is located at a vertex of a
triangle 528. The remaining two vertices of the triangle 528
are formed by edge points 528 and 530 of the light bar 524.

The orientation 1 of the controller 500 includes an angle
formed with respect to the X-axis on the camera 108, an
angle formed with respect to the Y-axis on the camera 108,
and an angle formed with respect to the Z-axis on the camera
108. For example, the orientation 1 is (61, ¢1, y1), where 01
is an angle formed with respect to the X-axis on the camera
108, ¢1 is an angle formed with respect to the Y-axis on the
camera 108, and y1 is an angle formed with respect to the
Z-axis on the camera 108. The camera 108 captures one or
more images of the orientation 1 in which the light bar 524,
as viewed by the camera 108, is above a horizontal level 532
of the marker 526. When the light bar 524 is above the
horizontal level 532, the edge points 528 and 530 of the light
bar 524 are above the marker 526.

FIG. 5C is a diagram of an embodiment of the video game
controller 500 having an orientation 2 as viewed by the
camera 108 of the HMD 104 (FIG. 1A). The orientation 2 is
(02, ¢2, v2), where 02 is an angle formed with respect to the
X-axis on the camera 108, ¢$2 is an angle formed with
respect to the Y-axis on the camera 108, and y2 is an angle
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formed with respect to the Z-axis on the camera 108. The
camera 108 captures one or more images of the orientation
2 in which the light bar 524, as viewed by the camera 108,
is at the same horizontal level 532 or approximately the
same horizontal level 532 of the marker 526. When the light
bar 524 is at the same horizontal level 532 or approximately
the same horizontal level 532, the edge point 528 of the light
bar 524 is above the marker 526 and the edge point 530 of
the light bar 524 is below the marker 526.

FIG. 5D is a diagram of an embodiment of the video game
controller 500 having an orientation 3 as viewed by the
camera 108 of the HMD 104 (FIG. 1A). The orientation 3 is
(03, $3, v3), where 03 is an angle formed with respect to the
X-axis on the camera 108, ¢3 is an angle formed with
respect to the Y-axis on the camera 108, and y3 is an angle
formed with respect to the Z-axis on the camera 108. The
camera 108 captures one or more images of the orientation
3 in which the light bar 524, as viewed by the camera 108,
is below the horizontal level 532 of the marker 526. When
the light bar 524 is below the horizontal level 532, the edge
points 528 and 530 the light bar 524 are located below the
marker 526.

In one embodiment, the video game controller 500
includes one or more microphones for capturing sound from
the real-world environment. As an example, the micro-
phones are arranged as an array of microphones. The
arrangement is a linear array of microphones. When three or
more microphones are included in the array of microphones,
it is possible to determine a location of a sound source
relative to the microphone array based on analysis of audio
data captured by the microphone array. More specifically,
the sound source can be localized relative to the microphone
array based on a relative timing of its sound as captured by
each of the microphones of the microphone array. Taken in
combination with a location and an orientation of the video
game controller 500, and by extension the location and
orientation of the microphone array, a location of the sound
source within the interactive environment can be deter-
mined. Furthermore, the captured sound can be processed to
exclude sounds which do not emanate from a certain region
of the real-world environment.

FIG. 6 is a diagram of an embodiment of the system 600
to illustrate an HMD 602 with multiple cameras 604A and
604B. The cameras 604A and 604B are located at a lower
region of the HMD 602. The lower region of the HMD 602
is below one or more display screens of the HMD 602. The
HMD 602 is an example of the HMD 104 of FIG. 1A. For
example, the camera 604B is an example of the camera 108
when the camera 108 is located closer to a left lower region
of the HMD 104 instead of being located closer to a central
lower region of the HMD 104.

The camera 604A is located on one end of the lower
region of the HMD 602 and the camera 604B is located at
an opposite end of the lower region. The camera 604A
provides a reference coordinate system, such as an
XAYAZA reference coordinate system, having a reference
coordinate R4, such as an origin (0, 0, 0). Similarly, the
camera 604B provides another reference coordinate system,
such as an XBYBZB reference coordinate system, having a
reference coordinate R5, such as an origin (0, 0, 0). The
camera 604A has a field-of-view 606A that faces downward
towards the controller 102 and the camera 604B has another
field-of-view 606B that also faces downward towards the
controller 102 when the controller 102 is held by the user
106 at a level that is below a horizontal level of the HMD
602. The camera 604A is coupled to the computing device
112 of FIG. 1A via a wired or wireless connection and the
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camera 604B is coupled to the computing device 112 via the
wired or wireless connection.

The camera 604A captures one or more images of the
HHC 102 within the field-of-view 606A and the camera
604B captures one or more images of the HHC 102 within
the field-of-view 606B. The images captured by the cameras
604A and 604B are sent from the HMD 602 via the wired or
wireless connection to the computing device 112 of FIG. 1A.
The computing device 112 of FIG. 1A sends the images
captured by the cameras 604A and 604B via the computer
network 114 to the game cloud system 116 of FIG. 1A. The
game cloud system 116 determines from the images cap-
tured by the cameras 604A and 604B the position 1 and an
orientation of the HHC 102. As an example, the position 1
has a distance of XAl from the reference coordinate R4, a
distance of YA1 from the reference coordinate R4, and a
distance of ZA1 from the reference coordinate R4. Similarly,
the orientation of the HHC 102 as determined from the
images captured by the camera 604A has an angle of 6A1
from an XA axis of the XAYAZA reference coordinate
system, an angle of $Al from a YA axis of the XAYAZA
reference coordinate system, and an angle of yAl from a ZA
axis of the XAYAZA reference coordinate system. As
another example, the position 1 has a distance of XB1 from
the reference coordinate R5, a distance of YB1 from the
reference coordinate R5, and a distance of ZB1 from the
reference coordinate R5. Similarly, the orientation of the
HHC 102 as determined from the images captured by the
camera 604B has an angle of OB1 from an XB axis of the
XBYBZB reference coordinate system, an angle of OB1
from a YB axis of the XBYBZB reference coordinate
system, and an angle of yB1 from a ZB axis of the XBYBZB
reference coordinate system

The game cloud system 116 modifies the state of the
virtual scene based on the position 1 and the orientation of
the HHC 102 as determined from the images captured by the
cameras 604A and 604B. It should be noted that when the
HHC 102 is outside the field-of-view 606A of the camera
604A, the camera 604B captures the images of the HHC
102. Similarly, when the HHC 102 is outside the field-of-
view 6068 of the camera 604B, the camera 604A captures
the images of the HHC 102. There is more coverage of
movement of the HHC 102 with both the cameras 604A and
604B than with the camera 108.

FIG. 7A is a diagram of an embodiment of a bottom
isometric view of an HMD 700, which is an example of the
HMD 104 of FIG. 1A or any other HMDs described herein.
The HMD 700 has an eye mask 703 that includes a front
region 704 and a lower region 702, which is a bottom surface
of the eye mask 703 of the HMD 700. The front region 704
is a front surface of the eye mask 703 and the front surface
is placed in front of eyes of the user 106 to covers the eyes
of the user 106. The HMD 700 has a headband 706, which
is sometimes referred to herein as a top headband strap. The
headband 706 is coupled to the eye mask 703 and wraps or
extends around a head of the user 106 (FIG. 1A). The eye
mask 703 includes a frame 705, made from rubber or plastic,
and the frame 705 fits around eyes of the user 106. The lower
region 702 is not connected to the headband 706 and is
separated from the headband 706 by the frame 705. Also, the
lower region 702 cannot cover eyes of the user 106 and is
below the eyes of the user 106. The frame 705 is coupled,
such as fitted or connected, to the lower region 702, and the
front region 704 is coupled to the lower region 702. For
example, the frame 705 is glued to or screwed to the lower
region 702 and the front region 704 is screwed to the lower
region 702. The lower region 702 is adjacent to the front
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region 704 and the frame 705 is adjacent to the lower region
702. The head passes through a space formed between the
frame 705 and the headband 706.

One or more display screens of the HMD 700 are located
within the front region 704. Also, a camera 710 is fitted to
the lower region 702 so that a lens of the camera 710 extends
through an outer surface of the lower region 702. The
camera 710 is located between the front region 704 and the
frame 705. The camera 710 is an example of the camera 108
of FIG. 1A. The lens is embedded within the outer surface
of the lower region 702 or extends from the outer surface.
The camera 710 is located between multiple light sources
708A and 708B that are embedded within the outer surface
of the lower region 702. The light sources 708A and 708B
are examples of markers used for determining a position and
orientation of the HMD 700. For example, the camera 118
of FIG. 1A captures one or more images of the lights 708A
and 708B and any other light sources on a surface of the
HMD 700 to determine a position and an orientation of the
HMD 700 in the real-world environment. Other examples of
markers, described herein, include retro-reflective tapes or a
reflective tape or fluorescent colors. Examples of a light
source include an infrared light source or an LED light
source. The camera 710 is located at a front portion of the
lower region 702 and the front portion is closer to the front
region 704 than to the frame 705.

There is a light source 707B between the front region 704
and the frame 705. Similarly, there is another light source
707A between the front region 704 and the frame 705. The
light source 707A is on an opposite side of the front region
704 compared to another side of the front region 704. The
other side of the front region 704 is adjacent to the light
source 707B.

In an embodiment, the front region 704 is expanded to
include the light sources 707A and 707B. The light source
707A is located on a side of the front region 704 than a side,
of the front region 704, on which the light source 707B is
located.

In one embodiment, the camera 710 is located on the front
region 704 or any other region of the HMD 700.

In an embodiment, the camera 710 is located on a back
portion of the lower region 702 and the back portion is closer
to the frame 705 than to the front region 704.

FIG. 7B is a diagram of an embodiment of a top isometric
view of the HMD 700. The eye mask 703 of the HMD 700
includes an upper region 712, such as a top region, that is
adjacent to the front region 704. The upper region 712 is a
top surface of the eye mask 703. The upper region 712 is
coupled to the front region 704. For example, the upper
region 712 is screwed or fitted to the front region 704. The
front region 712 is located between the upper region 712 and
the lower region 702. The upper region 712 is adjacent to,
such as next to, the front region 704 and faces the lower
region 702 of FIG. 7A. The upper region 712, the front
region 704, and the lower region 702 form parts of the eye
mask 703 of the HMD 700. The upper region 712 is adjacent
to the frame 705 and is coupled to the frame 705. For
example, the upper region 712 is screwed to or glued to the
frame 705. The eye mask 703 is adjacent to the frame 705.
The headband 706 is coupled to, such as screwed to or fitted
to or glued to, the upper region 712. Within the upper region
712, there are light sources 708C and 708D that are embed-
ded within an outer surface of the upper region 712.

FIG. 7C is a diagram of a bottom view of an embodiment
of an HMD 750 to illustrate multiple cameras 710, 752A,
and 752B. The HMD 750 is the same in structure and
function as the HMD 700 of FIG. 7A except that the HMD
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750 does not have the light sources, 707A, 7078, 708A,
708B, 708C, and 708D (FIGS. 7A and 7B). Instead, the
HMD 750 includes the cameras 752A and 752B. The HMD
750 is an example of the HMD 104 (FIG. 1A). The cameras
752A and 752B have lenses that face towards the floor F to
receive light reflected from the floor F and the HHC 102 to
capture one or more images of movement of the HHC 102
with respect to the floor F.

The camera 752A is situated within the lower region 702
and at one side of the camera 710. Also, the camera 752B is
situated within the lower region 702 and at a side of the
camera 710 that is opposite to the side on which the camera
752A is located. The camera 752B has a different field-of-
view than the FOV 110 of the camera 710 and a field-of-
view of the camera 752A. The FOV 110 is different from the
field-of-view of the camera 752A. Any movement of the
HHC 102 that is not within the FOV 110 of the camera 710
is captured by the FOV of the camera 752A or within the
FOV of the camera 752B.

Each camera 752A and 752B is coupled via a wired or
wireless connection to the computing device 112 (FIG. 1A).
Images captured by the cameras 752A and 752B are sent to
a processor of the HMD 750. The processor of the HMD 750
sends the images via a short-range communication module,
such as a Bluetooth™ module or a Wi-FI™ module, of the
HMD 750 to the computing device 112. The computing
device 112 sends the images captured by the cameras 752A
and 752B via the computer network 114 to the game cloud
system 116 (FIG. 1A). The game cloud system 116 deter-
mines a position and orientation of the HHC 102 from the
images captured by the camera 710 and/or the images
captured by the camera 752A and/or the images captured by
the camera 752B to change the state of the virtual scene.

FIG. 7D is a diagram of a top view of an embodiment of
the HMD 750 to illustrate multiple cameras 754A, 754B,
and 754C. The HMD 750 includes the cameras 754 A, 7548,
and 754C at the upper region 712 of the HMD 750. The
camera 754B is located between the cameras 754A and
754C. The cameras 754 A, 754B, and 754C have lenses that
face towards a ceiling of the real-world environment to
receive light reflected from the ceiling and the HHC 102 to
capture one or more images of movement of the HHC 102
with respect to the ceiling. The ceiling is located opposite to
the floor F and is substantially perpendicular or perpendicu-
lar to the walls W1 and W2 (FIG. 1D). The ceiling is parallel
or substantially parallel to the floor F.

The camera 754B has a different field-of-view than the
camera 754B and the camera 752C. Also, the camera 752B
has a different field-of-view than the camera 752C. Any
movement of the HHC 102 that is not within the FOV of the
camera 754A is captured by the FOV of the camera 754B or
the FOV of the camera 752C.

Each camera 754A, 754B, and 754C is coupled via a
wired or wireless connection to the computing device 112
(FIG. 1A). Images captured by the cameras 754 A, 754B, and
754C are sent to the processor of the HMD 750. The
processor of the HMD 750 sends the images via the short-
range communication module of the HMD 750 to the
computing device 112. The computing device 112 sends the
images captured by the cameras 754 A, 754B, and 754C via
the computer network 114 to the game cloud system 116
(FIG. 1A). The game cloud system 116 determines a position
and orientation of the HHC 102 from the images captured by
the camera 754A and/or the images captured by the camera
754B and/or the images captured by the camera 754C to
change the state of the virtual scene.
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It should be noted that the cameras 754 A, 7548, and 754C
capture images of movement of the HHC 102 when the HHC
102 is at a level above the eye mask 703. When the HHC 102
is at the level above the eye mask 703, movement of the
HHC 102 is not captured by the camera 710, the camera
752A, and the camera 752C (FIG. 7C). Similarly, the
cameras 710, 752A, and 752B capture images of movement
of the HHC 102 when the HHC 102 is at a level below the
eye mask 703. When the HHC 102 is at the level below the
eye mask 703, movement of the HHC 102 is not captured by
the cameras 754A, 7548, and 754C.

In an embodiment, one or more cameras are located on the
headband 706 to capture images of movement of the HMD
750 with respect to the real-world environment. The one or
more cameras of the headband 706 provide the images to the
processor of the HMD 750 and the processor sends the
images to the short-range communication module of the
HMD 750. The short-range communication module of the
HMD 750 sends the images to the computing device 112,
which sends the images via the computer network 114 to the
game cloud system 116. The game cloud system 116 deter-
mines a movement of the HMD 750 from the images and the
movement is determined with reference a reference co-
ordinate system of the real-world environment captured in
the images. The movement is then used by the game cloud
system 116 to change the state of the virtual scene.

In one embodiment, the HMD 750 includes a lower or
greater number of cameras than that illustrated in FIGS. 7C
and 7D. For example, the HMD 750 does not have the
cameras 752A, 752B, 754 A and 754C. As another example,
the HMD 750 does not have the cameras 710 and 754B.

FIG. 8A is a bottom view of an embodiment of an HMD
800, which is an example of the HMD 700 of FIGS. 7A and
7B. The HMD 800 has a front region 804, which is an
example of the front region 704 of FIGS. 7A and 7B. The
HMD 800 also has a lower region 802, which is an example
of'the lower region 702 of FIG. 7A. The camera 108 is fitted
to the lower region 802. For example, the camera 108 is
fitted between the light sources 708 A and 708B of FIG. 7A
and is closer to the front region 804 than to the frame 705.
The camera 108 has the reference coordinate R1.

FIG. 8B is a bottom view of an embodiment of an HMD
820. The HMD 820 is an example of the HMD 700 of FIGS.
7A and 7B, except that the HMD 820 has the camera 108
that is fitted to a different location than the camera 108 on
the HMD 700. The HMD 820 has the front region 804 and
the lower region 802. The camera 108 of the HMD 820 is
fitted to the lower region 802 of the HMD 820. For example,
the camera 108 is fitted between the light sources 708 A and
708B of FIG. 7A and is at approximately the same distance
from the front region 804 as that from the frame 705. To
illustrate, the camera 108 is at the same distance from the
front region 804 as that from the frame 705. The camera 108
has a reference coordinate R6, which is an origin (0, 0, 0) of
the XYZ reference coordinate system of the camera 108.

FIG. 8C is a bottom view of an embodiment of an HMD
822. The HMD 822 is an example of the HMD 700 of FIGS.
7A and 7B, except that the HMD 822 has the camera 108
that is fitted to a different location than the camera 108 on
the HMD 700. The HMD 822 has the front region 804 and
the lower region 802. The camera 108 of the HMD 822 is
fitted to the lower region 802 of the HMD 822. For example,
the camera 108 is fitted between the light sources 708 A and
708B of FIG. 7A and is at closer to the frame 705 of FIG.
7A than to the front region 804. The camera 108 has a
reference coordinate R7, which is an origin (0, 0, 0) of the
XYZ reference coordinate system of the camera 108.
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FIG. 8D is a bottom view of an embodiment of an HMD
824. The HMD 824 is an example of the HMD 700 of FIGS.
7A and 7B, except that the HMD 824 has the camera 108
that is fitted to a different location than the camera 108 on
the HMD 700. The HMD 824 has the front region 804 and
the lower region 802. The camera 108 of the HMD 824 is
fitted to the lower region 802 of the HMD 824. For example,
the camera 108 is fitted closer to the light source 708B than
to the light source 708A of FIG. 7A and is at approximately
the same distance from the front region 804 as that from the
frame 705. The camera 108 has a reference coordinate RS,
which is an origin (0, 0, 0) of the XYZ reference coordinate
system of the camera 108.

In one embodiment, the camera 108 of the HMD 824 is
located closer to the frame 705 than to the front region 804.
In an embodiment, the camera 108 of the HMD 824 is
located closer to the front region 804 than to the frame 705.

FIG. 8E is a bottom view of an embodiment of an HMD
826. The HMD 8206 is an example of the HMD 700 of
FIGS. 7A and 7B, except that the HMD 826 has the camera
108 that is fitted to a different location than the camera 108
on the HMD 700. The HMD 826 has the front region 804
and the lower region 802. The camera 108 of the HMD 826
is fitted to the lower region 802 of the HMD 826. For
example, the camera 108 is fitted closer to the light source
708A than to the light source 708B of FIG. 7A and is at
approximately the same distance from the front region 804
as that from the frame 705. The camera 108 has a reference
coordinate R9, which is an origin (0, 0, 0) of the XYZ
reference coordinate system of the camera 108.

In one embodiment, the camera 108 of the HMD 826 is
located closer to the frame 705 than to the front region 804.
In an embodiment, the camera 108 of the HMD 826 is
located closer to the front region 804 than to the frame 705.

FIG. 9A is a diagram of a bottom view of an embodiment
of an HMD 902 to illustrate locations of the cameras 604A
and 604B at the lower region 802 of the HMD 902. The
HMD 902 is an example of the HMD 700 of FIGS. 7A and
7B, and has the lower region 802 and the front region 804,
except that the HMD 902 has the two cameras 604A and
604B instead of one.

The camera 604A is located between the light source
708B of FIG. 7A and the camera 604B. Also, the camera
604A is located closer to the light source 708B than to the
light source 708A. Similarly, the camera 604B is located
between the light source 708A of FIG. 7A and the camera
604A. Also, the camera 604B is located closer to the light
source 708 A than to the light source 708B. Both the cameras
604A and 604B are located closer to the front region 804
than to the frame 705 of FIG. 7A. The reference coordinate
R4 is at the camera 604 A of the HMD 902 and the reference
coordinate RS is at the camera 604B of the HMD 902.

FIG. 9B is a diagram of a bottom view of an embodiment
of an HMD 904 to illustrate locations of the cameras 604A
and 604B at the lower region 802 of the HMD 902. The
HMD 904 is an example of the HMD 700 of FIGS. 7A and
7B, and has the lower region 802 and the front region 804,
except that the HMD 904 has the two cameras 604A and
604B instead of one.

The locations of the cameras 604 A and 604B are the same
as described above with reference to FIG. 9A except that
both the cameras 604A and 604B are located at approxi-
mately the same distance or approximately the same dis-
tance from the front region 804 as that from the frame 705
of FIG. 7A. For example, the cameras 604A and 604B are
located at the same distance from the front region 804 as that
from the frame 705 of FIG. 7A. The reference coordinate R8
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is at the camera 604A of the HMD 904 and the reference
coordinate R9 is at the camera 604B of the HMD 904.

FIG. 9C is a diagram of a bottom view of an embodiment
of an HMD 906 to illustrate locations of the cameras 604A
and 604B at the lower region 802 of the HMD 902. The
HMD 906 is an example of the HMD 700 of FIGS. 7A and
7B, and has the lower region 802 and the front region 804,
except that the HMD 906 has the two cameras 604A and
604B instead of one.

The locations of the cameras 604A and 604B are the same
as described above with reference to FIG. 9A except that
both the cameras 604A and 604B are located closer to the
frame 705 of FIG. 7A than to the front region 804. A
reference coordinate R10, such as an origin (0, 0, 0), is at the
camera 604A of the HMD 906 and a reference coordinate
R11 is at the camera 604B of the HMD 906. The reference
coordinate R11 is an origin (0, 0, 0) at the camera 604B of
the HMD 906.

FIG. 10A is a diagram of an embodiment of a system 1000
to illustrate a determination of a position of an HMD 1002
with reference to a reference coordinate system, such as an
xyZ co-ordinate system having a reference coordinate RC.
The reference coordinate RC is an origin (0, 0, 0). The
reference coordinate RC is located at a point on the wall W2.
The reference coordinate system having the reference coor-
dinate RC has the x-axis, the y-axis, and the z-axis.

The HMD 1002 is an example of the HMD 700 of FIG.
7. The HMD 1002 has the camera 108 and another camera
1004. The camera 1004 is located on a front region 1006 of
the HMD 1002. For example, a lens of the camera 1004
extends through the front region 1006 to face the real-world
environment in front of the HMD 1002. The camera 1004 is
an outward facing camera. The front region 1006 is an
example of the front region 704 of FIG. 7A. Both the
cameras 1004 and 108 are coupled to the computing device
112 via the same wired or wireless connection.

The camera 1004 captures one or more images of the
real-world environment that is in front of the HMD 1002.
For example, the camera 1004 captures images of the walls
W2 or the wall W1. The camera 1004 sends the images via
the wired connection to the computing device 112. The
computing device 112 transfers the images via the computer
network 114 (FIG. 1A) to the game cloud system 116 (FIG.
1A). The game cloud system 116 receives the images from
the camera 1004 and determines a position and orientation
of'the HMD 1002 with reference to the reference co-ordinate
system having the reference coordinate RC. For example,
the game cloud system 116 determines a distance of the
camera 1004 in the x-direction from the reference coordinate
RC, a distance of the camera 1004 in the y-direction from the
reference coordinate RC, and a distance of the camera 1004
in the z-direction from the reference coordinate RC. The
game cloud system 116 determines an angle of the camera
1004 with reference to the x-axis of the reference coordinate
RC, an angle of the camera 1004 with respect to the y-axis
of the reference coordinate RC, and an angle of the camera
1004 with respect to the z-axis of the reference coordinate
RC. The game cloud system 116 changes the state of the
virtual scene according to the position and orientation of the
HMD 1002 with reference to the reference coordinate sys-
tem having the reference coordinate RC.

FIG. 10B is a diagram of an embodiment of a system 1020
to illustrate use of projectors A and B and detectors on an
HMD 1024 to determine a position and an orientation of the
HMD 1024. The system 1020 has the HMD 1024 and the
camera 108 is fitted to a lower region of the HMD 1024. The
HMD 1024 is an example of the HMD 700 of FIGS. 7A and
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7B. The system 1020 further includes the computing device
112, the HHC 102 and the projectors A and B. An example
of a projector, as used herein, is a projector that includes a
laser light source and a mirror. The laser light source
generates light that is projected on the mirror, which moves
with respect to multiple axes, to reflect the light in a
pre-determined pattern, such as a Lissajous pattern. The
light that is reflected creates the pre-determined pattern
within a volume in the real-world environment.

The HMD 1024 has multiple detectors D1, D2, D3, D4,
D5, and D6. The detectors are located on a front region of
the HMD 1024. An example of a detector, as used herein, is
a photosensor or a sensor having a p-n junction that converts
light into electrical current, which is an example of an
electrical signal. The HMD 1024 is coupled to the comput-
ing device 112 via a wired or wireless connection. Similarly,
the HMD 1024 is coupled to the projector A via a wired or
wireless connection and the HMD 1024 is coupled to the
projector B via a wired or wireless connection.

The projectors A and B emit light to create the volume for
the pre-determined pattern within the real-world environ-
ment. The detectors D1 through D6 detect the light within
the volume to output multiple electrical signals. For
example, each detector D1 through D6 outputs a corre-
sponding electrical signal. The HMD 1024 sends informa-
tion, such as light intensities, within the electrical signals to
the computing device 112. The computing device 112 sends
the information received from the HMD 1024 via the
computer network 114 (FIG. 1A) to the game cloud system
116 (FIG. 1A). The game cloud system 116 processes the
information to determine an orientation of the HMD 1024
with respect to a reference coordinate system, such as an
xayaza coordinate system, of the projector A. Similarly, the
game cloud system 116 processes the information to deter-
mine an orientation of the HMD 1024 with respect to a
reference coordinate system, such as an xbybzb coordinate
system, of the projector B. The xayaza reference coordinate
system has an xa axis, a ya axis, and a za axis. The ya axis
is perpendicular to the xa axis and the za axis is perpen-
dicular to the ya axis and to the xa axis. Similarly, the
xbybzb reference coordinate system has an xb axis, a yb
axis, and a zb axis. The yb axis is perpendicular to the xb
axis and the zb axis is perpendicular to the yb axis and to the
xb axis. The game cloud system 116 determines from
intensities of the electrical signals that are output by the
detectors D1 through D6 an orientation of the HMD 1024
with respect to the xayaza reference coordinate system,
which includes an angle of the HMD 1024 with respect to
the xa axis, an angle of the HMD 1024 with respect to the
ya axis, and an angle of the HMD 1024 with respect to the
7a axis. Also, the game cloud system 116 determines from
intensities of the electrical signals that are output by the
detectors D1 through D6 an orientation of the HMD 1024
with respect to the xbybzb coordinate system, which
includes an angle of the HMD 1024 with respect to the xb
axis, an angle of the HMD 1024 with respect to the yb axis,
and an angle of the HMD 1024 with respect to the zb axis.

Moreover, the game cloud system 114 determines from
the orientations of the HMD 1024 with respect to the
reference coordinate systems xayaza and xbybzb, a position
of the HMD 1024 from a reference coordinate, such as an
origin, of the reference coordinate system xayaza and a
position of the HMD 1024 from a reference coordinate, such
as an origin, of the reference coordinate system xbybzb. For
example, the game cloud system 114 applies triangulation to
determine the position of the HMD 1024 based on the
orientation of the HMD 1024 with respect to the reference
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coordinate system xayaza and the orientation of the HMD
1024 with respect to the reference coordinate system
xbybzb. An example of determining the position of the
HMD 1024 with respect to the projector A and the position
of'the HMD 1024 with respect to the projector B is provided
in U.S. patent application Ser. No. 15/472,193, now issued
as U.S. Pat. No. 9,983,692, which is incorporated by refer-
ence herein in its entirety.

The game cloud system 114 determines from the orien-
tation of the HMD 1024 with respect to the reference
coordinate system xayaza or the reference coordinate system
xbybzb, and the position of the HMD 1024 with respect to
the reference coordinate systems xayaza and xbybzb to
change the state of the virtual scene. Also, the game cloud
system 114 determines from the images received from the
camera 108 via the computing device 112 and the computer
network 114 a position and an orientation of the HHC 102
with respect to the HMD 1024. The position and the
orientation of the HHC 102 with respect to a reference
coordinate system, such as an XYZ coordinate system, of
the HMD 1024 are processed by the game cloud system 116
to change the state of the virtual scene.

The game cloud system 116 generates one or more frames
having the change in the state of the virtual scene and
encodes the frames to output encoded frames. The encoded
frames are sent from the game cloud system 116 via the
computer network 114 to the computing device 112. The
computing device 112 decodes the encoded frames to output
image frames and sends the image frames via the wired or
wireless connection to the HMD 1024. The HMD 1024
applies a rendering program to the image frames received
from the computing device 112 to display one or more
images of a virtual scene on a display screen of the HMD
1024.

In an embodiment, the HMD 1024 has another number,
such as five or four or ten, of detectors.

In one embodiment, multiple detectors are located on a
headband of the HMD 1024 in addition to being located on
the front region of the HMD 1024.

FIG. 11 is a diagram of an embodiment of a system 1100
to illustrate dead reckoning. The system 110 includes the
HMD 104, the HHC 102 and the computing device 112.
When the HHC 102 is outside the FOV 110 of the camera
108 of the HMD 104, one or more inertial sensors, such as
a magnetometer, an accelerator, and a gyroscope, of the
HHC 102 generate inertial data, such as measurements of an
acceleration of the HHC 102, measurements of a position of
the HHC 102, measurements of an angular velocity of the
HHC 102, and measurements of an orientation of the HHC
102 with respect to a coordinate system of the inertial
sensors. For example, the gyroscope of the HHC 102
measures an angular velocity of the orientation of the HHC
102 with respect to a coordinate system of the gyroscope.
The coordinate system of the gyroscope of the HHC 102 has
a spin axis. The coordinate system of the inertial sensors of
the HHC 102 is an example of a coordinate system of the
real-world environment. The inertial data that is generated
by the sensors of the HHC 102 is an example of the input
data that is generated by the HHC 102.

The HHC 102 includes a communication device that
communicates the input data from the HHC 102 via a wired
or wireless connection to the computing device 112. For
example, a Wi-Fi™ communication device or a Bluetooth™
communication device of the HHC 102 is coupled to the
inertial sensors of the HHC 102 and communicates the input
data received from the inertial sensors. The input data is
communicated from the Wi-Fi™ communication device or
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the Bluetooth™ communication device of the HHC 102 via
the wireless connection to the computing device 112.

Also, the camera 108 sends one or more images captured
by the camera 108 within the FOV 110 to the computing
device 112 via the wired or wireless connection. For
example, the communication device of the HHC 102
receives the images from the camera 108 and sends the
images via the wireless connection to the computing device
112. The computing device 112 sends or directs the images
received from the camera 108 and sends or directs the input
data received from the HHC 102 via the computer network
114 to the game cloud system 116.

The game cloud system 116 determines from the images
received from the camera 108 of the HMD 104 whether a
position and orientation of the controller 102 can be deter-
mined. For example, the game cloud system 116 compares
a shape of the HHC 102 with a pre-determined shape of a
hand-held controller to determine whether there is a match
between the shape of the HHC 102 and the pre-determined
shape. Upon determining that the match does not occur, the
game cloud system 116 determines that a current position
and a current orientation of the HHC 102 with respect to the
camera 108 cannot be determined from the images. Upon
determining that the current position and current orientation
of the HHC 102 cannot be determined from the images, the
game cloud system 116 determines the current position and
current orientation of the HHC 102 in the real-world envi-
ronment from the input data received from the HHC 102 and
from a previously determined position and a previously
determined orientation of the HHC 102. As an example, the
game cloud system 116 determines the previously deter-
mined position from one or more images captured by the
camera 108 and received before the HHC 102 is outside the
FOV 110. The game cloud system 116 further determines the
current position of the HHC 102 from the acceleration of the
HHC 102, the previously determined position, a previous
time at which the images for determining the previously
determined position are captured by the camera 108, and a
current time at which the input data for the current position
of'the HHC 102 is generated by the HHC 102. The HHC 102
provides the current time at which the input data is generated
via the computing device 112 and the computer network 114
to the game cloud system 116. The previous time at which
the images for determining the previously determined posi-
tion are captured by the camera 108 is received by the game
cloud system 116 from the camera 108 via the computing
device 112 and the computer network 114. As another
example, the game cloud system 116 determines the previ-
ously determined orientation from one or more images
captured by the camera 108 and received before the HHC
102 is outside the FOV 110. The game cloud system further
determines the current orientation of the HHC 102 from the
angular velocity of the HHC 102, the previously determined
orientation, a previous time at which the images for deter-
mining the previously determined orientation are captured
by the camera 108, and a current time at which the input data
for determining the current orientation of the HHC 102 is
output by the HHC 102. The HHC 102 sends the current
time at which the input data for determining the current
orientation of the HHC 102 is output. The current time is
sent from the HHC 102 via the computing device 112 and
the computer network 114 to the game cloud system 116.
The previous time at which the images for determining the
previously determined orientation are captured by the cam-
era 108 is received from the camera 108 via the computing
device 112 and the computer network 114. Once the HHC
102 comes back in the FOV 110 after being out of the FOV

5

10

15

20

25

30

35

40

45

50

55

60

65

32

110, the game cloud system 116 determines a position and
orientation of the HHC 102 with respect to the reference
coordinate system of the camera 108 from the images
received from the camera 108.

It should be noted that in one embodiment, a clock source
within the HMD 104 is synchronized with a clock source
within the HHC 102. For example, the state of the virtual
scene is generated by the game cloud system 116 based on
aposition and orientation of the HHC 102 with respect to the
camera 108 at a time t1 and a position and orientation of the
HMD 104 with respect to the real-world environment at the
same time t1. Examples of a clock source include a digital
clock source, such as a clock generator, a clock oscillator,
and a processor. If there is a difference in timing between the
clock sources of the HMD 104 and the HHC 102, there is an
inaccuracy in determining the state based on the position and
orientation of the HMD 104 in the real-world environment
and the position and orientation of the HHC 102 with
reference to the camera 108. If the state is inaccurate, the
virtual scene that is displayed on the HMD 104 is inaccurate.
As such, the clock source of the HMD 104 is synchronized
with the clock source of the HHC 102.

In an embodiment, the clock source of the HMD 104 is
synchronized with the clock source of the HHC 102. For
example, the clock source of the HMD 104 receives a clock
signal via the computing device 112 from the computer
network 114 and synchronizes the clock signal generated by
the clock source of the HMD 104 with the clock signal
received from the computer network 114. Similarly, the
clock source of the HHC 102 receives a clock signal via the
computing device 112 from the computer network 114 and
synchronizes the clock signal generated by the clock source
of the HHC 102 with the clock signal received from the
computer network 114. As another example, the game cloud
system 114 sends a synchronization signal indicating a high
logic state or a low logic state of a clock signal via the
computer network 114 and the computing device 112 to both
the HMD 104 and the HHC 102 to synchronize the clock
signal of the HMD 104 with the clock signal of the HHC
102.

In an embodiment, clock signals of the HMD 104, the
HHC 102, and the game cloud system 116 are synchronized.
For example, the clock source of the HMD 104 receives a
clock signal via the computing device 112 from the com-
puter network 114 and synchronizes the clock signal gen-
erated by the clock source of the HMD 104 with the clock
signal received from the computer network 114. Similarly,
the clock source of the HHC 102 receives a clock signal via
the computing device 112 from the computer network 114
and synchronizes the clock signal generated by the clock
source of the HHC 102 with the clock signal received from
the computer network 114. Also, a clock source of the game
cloud system 116 receives a clock signal from the computer
network 114 and synchronizes the clock signal generated by
the clock source of the game cloud system 116 with the
clock signal received from the computer network 114.

In an embodiment, the inertial data is measured by the
inertial sensors of the HHC 102 independent of whether the
HHC 102 is within the FOV 110 of the camera 108 of the
HMD 104. For example, the inertial data is measured by the
inertial sensors of the HHC 102 when the HHC 102 is within
the FOV 110.

In one embodiment, the inertial data measured by the
inertial sensors of the HMD 104 is sent to the computing
device 112 via the wired or wireless connection. Also, the
inertial data measured by the inertial sensors of the HHC 102
is sent to the computing device 112 via the wired or wireless
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connection. The computing device 112 sends the inertial
data received from the HMD 104 and the inertial data
received from the HHC 102 via the network 114 to the game
cloud system 116. The game cloud system 116 determines
from the inertial data measured by the HHC 102 and the
inertial data measured by the HMD 104 a position and an
orientation of the HHC 102 with respect to the HMD 104.
For example, the game cloud system 116 determines that an
orientation of the HMD 104 with reference to the y-axis of
the real-world environment is an angle M1 and an orienta-
tion of the HHC 102 with respect to the y-axis of the
real-world environment is an angle N1. The game cloud
system 116 determines that an orientation of the HHC 102
with respect to the Y-axis of the HMD 104 is a sum of the
angles M1 and N1. As another example, the game cloud
system 116 determines that a position of the HMD 104 along
the x-axis of the real-world environment with reference to a
reference co-ordinate of the real-world environment is a
position Al. The game cloud system 116 further determines
that a position of the HHC 104 along the x-axis of the
real-world environment with reference to the reference
co-ordinate of the real-world environment is a position B1.
The game cloud system 116 determines that a position of the
HHC 102 with respect to the position of the HMD 104 is a
sum of the positions Al and B1.

FIG. 12 is a diagram of an embodiment of a system 1200
to illustrate stitching of image frames based on times at
which images of the HHC 102 are captured by different
cameras 108, 1202A, and 1202B of an HMD 1204. The
HMD 1204 is an example of the HMD 700 of FIG. 7A. The
camera 1202A is located on a portion of the front region 704
(FIG. 7A) and the camera 1202B is located on another
portion of the front region 704. For example, the camera
1202A is fitted to a right half portion of the front region 704
and the camera 1202B is fitted to a left half portion of the
front region 74. To further illustrate, the camera 1202A is
closer to the light source 707B (FIG. 7A) compared to the
light source 707 A and the camera 1202B is closer to the light
source 707A compared to the light source 707B.

The camera 1202A has a FOV 1208A that faces to the
right of the user 106 and the camera 1202B has an FOV
1208B that faces to the left of the user 106. Comparatively,
the FOV 110 faces down towards the floor F. The user 106
moves the HHC 102 from the position 2 that is within the
FOV 110 to a position 4 that is outside the FOV 110 and
within the FOV 1208A.

The camera 108 captures one or more images of the HHC
102 within the FOV 110 and sends the images via the wired
or wireless connection to the computing device 112. In
addition, a clock source of the HMD 1204 is coupled to the
camera 108 to determine a time tx at which the camera
1208A captures the images and sends the time tx via the
wired or wireless connection to the computing device 112.
The computing device 112 sends the images of the HHC 102
within the FOV 110 and the time tx via the computer
network 114 to the game cloud system 116.

Similarly, the camera 1202 A captures one or more images
of the HHC 102 within the FOV 1208A and sends the
images via a wired or wireless connection to the computing
device 112. In addition, the clock source of the HMD 1204
is coupled to the camera 1202A to determine a time ty at
which the camera 1202A captures the images and sends the
time ty via the wired or wireless connection to the comput-
ing device 112. The computing device 112 sends the images
of the HHC 102 within the FOV 1208A and the time ty via
the computer network 114 to the game cloud system 116.
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The game cloud system 116 determines that the time ty is
consecutive to the time tx. For example, the game cloud
system 116 determines that the time tx precedes the time ty
and that there are no other images captured by the camera
108 and 1202A between the times tx and ty. The game cloud
system 116 determines a position and orientation of the
HHC 102 for the time tx from the images received from the
camera 108 and determines a position and orientation of the
HHC 102 for the time ty from the images received from the
camera 1202A. The game cloud system 116 also determines
that the position and orientation of the HHC 102 cannot be
determined from images output by the camera 108 at the
time ty. The game cloud system 116 generates an image
frame X according to a change in the state of the virtual
scene that is determined from the position and orientation of
the HHC 102 and the position and orientation are deter-
mined from the images captured by the camera 108. Also,
the game cloud system 116 generates an image frame Y
according to a further change in a state of the virtual scene
that is determined from the position and orientation of the
HHC 102 and the position and orientation are determined
from the images captured by the camera 1202A.

The game cloud system 116 stitches the image frame Y
with the image frame X based on the times tx and ty. For
example, the game cloud system 116 determines that the
virtual scene is to change according to the image frame X
first and then according to the image frame Y. The game
cloud system 116 sends the image frames X and Y with a
sequence in which the image frames are to be displayed on
the HMD 1204 via the computer network 114 to the com-
puting device 112. The image frame X is to be displayed at
before the image frame Y is to be displayed. The computing
device 112 sends the image frames X and Y via the wired or
wireless connection to the HMD 1204. The HMD 1204
displays the image frame X before displaying the image
frame Y. In a similar manner, when the HHC 102 is within
the FOV 1208B and outside the FOVs 110 and 1208A,
images captured by the camera 1202B are used by the game
cloud system 116 to determine a position and orientation of
the HHC 102 to further change a state of the virtual scene.

It should be noted that the functions described herein as
being performed by the game cloud system 114 are per-
formed by the one or more servers or one or more processors
of the one or more servers of the game cloud system 114.
Similarly, it should be noted that the functions described
herein as being performed by the computing device 112 are
performed by the one or more processors of the computing
device 112.

In one embodiment, one or more functions described
herein as performed by the game cloud system 116 are
instead performed by the computing device 112.

In an embodiment, images captured by two or more of the
cameras 752A, 108, 752B (FIG. 7C), 754A, 754B, and 754C
(FIG. 7D) are stitched together by the game cloud system
116 in a manner similar to that described above with
reference to the cameras 1202A and 108 to change the state
of the virtual scene.

FIG. 13 is an isometric view of an HMD 1300, which is
an example of the HMD 104 (FIG. 1A). The HMD 1300
includes bands 1302 and 1304 that go to the back of the head
of the user 106 when worn by the user 106 (FIG. 1A).
Moreover, the HMD 1300 includes earphones 1306A and
1306B, e.g., speakers, etc., that emanate sound associated
with an interactive environment, e.g., a game environment,
the virtual scene, an object in the virtual scene, an interactive
tour environment, etc., that is presented by execution of the
application, e.g., a game program, an interactive environ-
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ment generation program, etc. The HMD 1300 includes
lenses 1308 A and 1308B that allow the user 106 to view the
interactive environment that is displayed on a display screen
of'the HMD 1300. A groove 1380 rests on a nose of the user
106 to support the HMD 1300 on the nose.

In some embodiments, the HMD 1300 is worn by the user
106 in a manner similar to which sunglasses, glasses, or
reading glasses are worn by the user 106.

FIG. 14 illustrates a system for interactive game play of
a video game, in accordance with an embodiment described
in the present disclosure. The user 106 is shown wearing the
HMD 104. The HMD 104 is worn in a manner similar to
glasses, goggles, or a helmet, and is configured to display a
video game or other content to the user 106. The HMD 104
provides an immersive experience to the user 106 by virtue
of its provision of display mechanisms (e.g., optics and
display screens) in close proximity to the user’s eyes and the
format of content that is delivered to the HMD 104. In one
example, the HMD 104 provides display regions to each of
the eyes of the user 106 and the display regions occupy large
portions or even the entirety of a field-of-view of the eyes of
the user 106. As another example, the user 106 feels as if
he/she is in, e.g., is a part of, etc., an interactive environment
that is displayed on the HMD 104.

In one embodiment, the HMD 104 is connected to a
computer 1402, which is an example of the computing
device 112 (FIG. 1A). The connection to the computer 1402
is wired or wireless. The computer 1402, in one embodi-
ment, is any general or special purpose computer, including
but not limited to, a game console, a personal computer, a
laptop, a tablet, a mobile device, a smart phone, a tablet, a
thin client, a set-top box, a media streaming device, a smart
television, etc. In some embodiments, the HMD 104 con-
nects directly to the Internet, which may allow for cloud
gaming without the need for a separate local computer. For
example, functionality of the computer 1402 are integrated
into one or more processors of the HMD 104. In one
embodiment, the computer 1402 executes a video game (and
other digital content), and outputs video and audio data from
the video game for rendering by the HMD 104.

The computer 1402, in one embodiment, is a local or
remote computer, and the computer 1402 runs emulation
software. In a cloud gaming embodiment, the computer
1402 is remote, such as within the game cloud system 116,
and is represented by a plurality of computing services that
are implemented in data centers, where game systems/logic
is employed and distributed to the user 106 over the com-
puter network 114.

The user 106 operates the HHC 102 to provide the input
data for an interactive environment. In one example, a
camera C1 captures images of the real-world environment in
which the user 106 is located. The camera C1 is an example
of the camera 118 (FIG. 1A). These captured images are
analyzed to determine a location and movements of the user
106, the HMD 104, and the HHC 102. In one embodiment,
the HHC 102 includes a light, or lights, which are tracked to
determine its location and orientation. Additionally, in one
embodiment, the HMD 104 includes one or more lights,
which are tracked as markers to determine the location and
orientation of the HMD 104 in substantial real-time during
a display of an interactive environment.

The camera C1, in one embodiment, includes one or more
microphones of a microphone array to capture sound from
the real-world space. Sound captured by the microphone
array of the camera C1 is processed to identify the location
of a sound source. Sound from an identified location is
selectively utilized or processed to exclusion of other sounds
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not from the identified location. Furthermore, in one
embodiment, the camera C1 includes multiple image capture
devices, e.g., stereoscopic pair of cameras, an infrared (IR)
camera, a depth camera, and combinations thereof.

In some embodiments, the computer 1402 executes games
locally on a processing hardware, such as one or more
processors, of the computer 1402. The games or content is
obtained in any form, such as physical media form (e.g.,
digital discs, tapes, cards, thumb drives, solid state chips or
cards, etc.) or by way of download from the computer
network 114. In an embodiment, the computer 1402 func-
tions as a client in communication over the computer
network 114 with the game cloud system 116. The game
cloud system 116 maintains and executes the video game
being played by the user 106. The computer 1402 transmits
the input data received from the HMD 104 and the HHC
102, and/or images received from the camera C1, to the
game cloud system 116, which processes the input data and
the images to affect a game state of the virtual scene. An
output from executing the video game, such as video data,
audio data, and haptic feedback data, is transmitted to the
computer 1402. The computer 1402 further processes the
data before transmission or directly transmits the data to the
relevant devices. For example, video and audio streams are
provided to the HMD 104, whereas a vibration feedback
command is provided to the HHC 102.

In one embodiment, the HMD 104, the HHC 102, and the
camera C1, are networked devices that connect to the
computer network 114 to communicate with the game cloud
system 116. For example, the computer 1402 is a local
network device, such as a router, that does not otherwise
perform video game processing, but facilitates passage, such
as sending and receiving, of network traffic. The connections
to the computer network 114 by the HMD 104, the HHC
102, and camera C1 are wired or wireless. In some embodi-
ments, content that is displayed on the HMD 104 or dis-
played on a display device 1414, e.g., a television, a liquid
crystal display (LCD) display device, a light emitting diode
(LED) display device, a plasma display device, a computer
monitor, etc., is obtained from any of content sources 1416.
Example content sources include, for instance, internet
websites that provide downloadable content and/or stream-
ing content. In some examples, the content includes any type
of multimedia content, such as movies, games, static/dy-
namic content, pictures, social media content, social media
websites, interactive tour content, cartoon content, etc.

In one embodiment, the user 106 is playing a game on the
HMD 104, where such content is immersive three-dimen-
sional interactive content. The content on the HMD 104,
while the user 106 is playing, is shared to the display device
1414. In one embodiment, the content shared to the display
device 1414 allows other users proximate to the user 106 or
remote to watch along with game play of the user 106. In
still further embodiments, another player viewing the game
play of the user 106 on the display device 1414 participates
interactively with the user 106. For example, a user viewing
the game play on the display device 1414 controls characters
in the game scene, provides feedback, provides social inter-
action, and/or provides comments (via text, via voice, via
actions, via gestures, etc.) which enables the user who is not
wearing the HMD 104 to socially interact with the user 106.

In one embodiment, the computer 1402, as referred to
herein, includes a personal computer, or a game console, or
a tablet computer, or a smart phone, or a set-top box, or a
kiosk, or a wireless device, or a digital pad, or a stand-alone
device, or a handheld game playing device, etc. In an
embodiment, the computer 1402 receives encoded video
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streams, decodes the video streams, and presents the result-
ing video to the user 106, e.g., a player of a game. The
process of receiving encoded video streams and/or decoding
the video streams typically includes storing individual video
frames in a receive buffer of the computer 1402. The video
streams are presented to the user 106 on a display integral to
the computer 1402 or on a separate device such as a monitor
or television or an HMD.

The computer 1402, in one embodiment, supports more
than one game player. For example, a game console supports
two, three, four or more simultaneous players (e.g., P1, P2,
. .. Pn). Each of these players receives or shares a video
stream, or a single video stream includes regions of a frame
generated specifically for each player, e.g., generated based
on each player’s point of view. Any number of computers
are local (e.g., co-located) or are geographically dispersed.
The number of computers included in a game system varies
widely from one or two to thousands, tens of thousands, or
more. As used herein, the term “game player” is used to refer
to a person that plays a game and the term “game playing
device” is used to refer to a device used to play a game.

In some embodiments, the game playing device refers to
a plurality of computing devices that cooperate to deliver a
game experience to a user. For example, a game console and
an HMD cooperate with a video server system to deliver a
game viewed through the HMD. As another example, the
game console receives a video stream from the video server
system and the game console forwards the video stream, or
updates to the video stream, to an HMD and/or television for
rendering.

Still further, an HMD is used for viewing and/or inter-
acting with any type of content produced or used, such as,
for example, video game content, movie content, video clip
content, web content, advertisement content, contest con-
tent, gambling game content, conference call/meeting con-
tent, social media content (e.g., posting, messages, media
streams, friend events and/or game play), video portions
and/or audio content, and content made for consumption
from sources over the internet via browsers and applications
and any type of streaming content. Of course, the foregoing
listing of content is not limiting, as any type of content is
rendered so long as it is viewed in the HMD or rendered to
a screen or screen of the HMD.

In an embodiment, computers further include systems that
modify received video. For example, a computer performs
further rendering, to overlay one video image on another
video image, to crop a video image, and/or the like. As
another example, computers receive various types of video
frames, such as I-frames, P-frames and B-frames, and to
process these frames into images for display to a user. In
some embodiments, a part of a computer performs further
rendering, shading, conversion to 3-D, conversion to two-
dimensional (2D) image, distortion removal, sizing, or like
operations on a video stream. In an embodiment, a part of a
computer is receives more than one audio or video stream.

Input devices of computers includes, for example, a
one-hand game controller, or a two-hand game controller, or
a gesture recognition system, or a gaze recognition system,
or a voice recognition system, or a keyboard, or a joystick,
or a pointing device, or a force feedback device, or a motion
and/or location sensing device, or a mouse, or a touch
screen, or a neural interface, or a camera, or a combination
of two or more thereof, etc.

A video source includes rendering logic, e.g., hardware,
firmware, and/or software stored on a computer-readable
medium such as storage. This rendering logic creates video
frames of the video stream based on the game state. All or
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part of the rendering logic is optionally disposed within one
or more graphics processing unit (GPU). Rendering logic
includes processing stages for determining three-dimen-
sional spatial relationships between objects and/or for apply-
ing appropriate textures, etc., based on the game state and
viewpoint. The rendering logic produces raw video that is
encoded. For example, the raw video is encoded according
to an Adobe Flash® standard, HTML-5, .wav, H.264, H.263,
On2, VP6, VC-1, WMA, Huftyuv, Lagarith, MPG-x, Xvid,
FFmpeg, x264, VP6-8, realvideo, mp3, or the like. The
encoding process produces a video stream that is optionally
packaged for delivery to a decoder on a device. The video
stream is characterized by a frame size and a frame rate.
Typical frame sizes include 800x600 pixels, 1280x720
pixels, 1024x768 pixels, 1080 pixels, although any other
frame sizes may be used. The frame rate is the number of
video frames per second. In one embodiment, a video stream
includes different types of video frames. For example, the
H.264 standard includes a “P” frame and a “I” frame.
I-frames include information to refresh all macro blocks/
pixels on a display device, while P-frames include informa-
tion to refresh a subset thereof. P-frames are typically
smaller in data size than are I-frames. As used herein the
term “frame size” is meant to refer to a number of pixels
within a frame. The term “frame data size” is used to refer
to a number of bytes required to store the frame.

In some embodiments, a computer is a general purpose
computer, a special purpose computer, a game console, a
personal computer, a laptop computer, a tablet computer, a
mobile computing device, a portable gaming device, a
cellular phone, a set-top box, a streaming media interface/
device, a smart television or networked display, or any other
computing device capable of being configured to fulfill the
functionality of a computer as defined herein. In one
embodiment, a cloud gaming server is configured to detect
a type of a computer, which is being utilized by the user 106,
and provide a cloud-gaming experience appropriate to the
user’s computer. For example, image settings, audio settings
and other types of settings are optimized for the user’s
computer.

FIG. 15 illustrates a head-mounted display (HMD) 1500,
in accordance with an embodiment described in the present
disclosure. The HMD 1500 is an example of the HMD 104
(FIG. 1A) and has a length 1504 that extends from one end
of a front face 1506 of the HMD 1500 to an opposite end of
the front face 1506 of the HMD 1500. The front face 1506
is an example of the front region 704 (FIG. 7A). As shown,
the HMD 1500 includes a plurality of light sources 1502 A-
H, Jand K (e.g., where 1502K and 1502] are located toward
the rear or backside of the HMD headband). Each of these
lights has specific shapes and/or positions, and is has the
same or different colors. The lights 1502A, 15028, 1502C,
and 1502D are arranged on a front surface of the HMD 1500.
The lights 1502E and 1502F are arranged on a side surface
of the HMD 1500. And the lights 1502G and 1502H are
arranged at corners of the HMD 1500, so as to span the front
surface and a side surface of the HMD 1500. It will be
appreciated that the lights are identified in captured images
of an interactive environment in which the user 106 uses the
HMD 1500.

Based on identification and tracking of the lights of the
HMD 1500, the location and orientation of the HMD 1500
in the interactive environment is determined. It will further
be appreciated that some of the lights are or are not visible
depending upon the particular orientation of the HMD 1500
relative to an image capture device, e.g., a camera, a digital
camera, a depth camera, an infrared camera, etc. Also,



US 11,347,303 B2

39

different portions of lights (e.g. lights 1502G and 1502H) are
exposed for image capture depending upon the orientation of
the HMD 1500 relative to the image capture device. In some
embodiments, inertial sensors are disposed in the HMD
1500, which provide feedback regarding positioning, with-
out the need for lights. In some embodiments, the lights and
inertial sensors of the HMD 1500 work together, to enable
mixing and selection of position/motion data.

In one embodiment, the lights of the HMD 1500 are
configured to indicate a current status of the HMD 1500 to
others users in the real space. For example, some or all of the
lights have a color arrangement, an intensity arrangement,
blink, have an on/off configuration, or other arrangement
indicating a current status of the HMD 1500. By way of
example, the lights of the HMD 1500 display different
configurations during active game play of a video game
(generally game play occurring during an active timeline or
within a scene of the game) versus other non-active game
play aspects of a video game, such as navigating menu
interfaces or configuring game settings (during which the
game timeline or scene is inactive or paused).

In an embodiment, the lights indicate relative intensity
levels of game play. For example, the intensity of lights, or
a rate of blinking, increases when the intensity of game play
increases.

The HMD 1500, in one embodiment, additionally
includes one or more microphones. In the illustrated
embodiment, the HMD 1500 includes microphones 1504A
and 1504B located on the front surface of the HMD 1500,
and a microphone located on a side surface of the HMD
1500. By utilizing an array of microphones, sound from each
of the microphones is processed to determine a location of
the sound’s source. This information is utilized in various
ways, including exclusion of unwanted sound sources, asso-
ciation of a sound source with a visual identification, etc.

The HMD 1500 includes one or more image capture
devices, such as cameras. In the illustrated embodiment, the
HMD 1500 is shown to include image capture devices
1506 A and 1506B. In an embodiment, by utilizing a stereo-
scopic pair of image capture devices, 3D images and video
of a real-world environment in front of the HMD 1500 is
captured from the perspective of the HMD 1500. Such video
is presented to the user 106 to provide the user with a “video
see-through” ability while wearing the HMD 1500. That is,
though the user 106 cannot see through the HMD 1500 in a
strict sense, the video captured by the image capture devices
1506 A and 1506B nonetheless provides a functional equiva-
lent of being able to see the real-world environment external
to the HMD 1500 as if looking through the HMD 1500.

Such video, in one embodiment, is augmented with inter-
active elements to provide an augmented reality experience,
or is combined or blended with interactive elements in other
ways. Though in the illustrated embodiment, two cameras
are shown on the front surface of the HMD 1500, it will be
appreciated that there may be any number of externally
facing cameras or a single camera is installed on the HMD
1500, and oriented in any direction. For example, in another
embodiment, there may be cameras mounted on the sides of
the HMD 1500 to provide additional panoramic image
capture of the environment.

FIG. 16 illustrates one example of game play using the
computer 1402 that is capable of generating and providing
video game content to the HMD 104 worn by the user 106
for rendering on the HMD 104. In this illustration, a state of
a virtual object, e.g., game content, etc., provided to the
HMD 104 is in a rich interactive 3-D space. As discussed
above, a state of an interactive object is downloaded to the
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computer 1402 or is executed in one embodiment by the
game cloud system 116. The game cloud system 116
includes a database of user identifiers 1604 of users, who are
allowed to access particular games 1630, share experiences
with other friends, post comments, and manage their account
information.

The game cloud system 116 stores game data 1606 for
specific user identifiers, and the game data 1606 is usable
during game play, for future game play, for sharing to a
social media network, or used for storing trophies, awards,
status, ranking, etc. Social data 1608 is managed by the
game cloud system 116. In one embodiment, the social data
1608 is managed by a separate social media network, which
is interfaced with the game cloud system 116 over the
computer network 114. Over the computer network 114, any
number of computers 1610, including the computer 1402, is
connected for access to the content and interaction with
other users.

Continuing with the example of FIG. 16, the three-
dimensional interactive scene viewed in the HMD 104
includes game play, such as the characters illustrated in a
3-D view, or another interactive environment. One character,
e.g. P1, etc,, is controlled by the user 106 that is wearing the
HMD 104. This example shows a basketball scene between
two players, where a character, such as an avatar, controlled
by the HMD user 106 is dunking a ball on another character
in the 3-D view. The other character is an Al (artificial
intelligence) character of the game, or is controlled by
another player or players (Pn). A camera 1612 is shown
positioned over a display screen in the room, however, for
HMD use. In one embodiment, the camera 1612 is placed in
any location that captures images of the HMD 104. The
camera 1612 is an example of the camera C1 (FIG. 14). As
such, the user 106 is shown turned at about 90 degrees from
the camera 1612. A display device 1613 displays content
rendered in the HMD 104 and a scene within the display
device 1613 is dependent on a direction that the HMD 104
is positioned, from the perspective of the camera 1612. Of
course, during HMD use, the user 106 is moving about,
turning his head, looking in various directions, as is needed
to take advantage of the dynamic interactive scenes rendered
by the HMD 104.

With reference to FIG. 17, a diagram is shown illustrating
example components of an HMD 1700, in accordance with
an embodiment described in the present disclosure. The
HMD 1700 is an example of the HMD 104 (FIG. 1) or the
HMD 602 (FIG. 6) or the HMD 700 (FIGS. 7A and 7B), or
the HMD 800 (FIG. 8A), or the HMD 820 (FIG. 8B), or the
HMD 822 (FIG. 8C), or the HMD 824 (FIG. 8D), or the
HMD 826 (FIG. 8E), or the HMD 902 (FIG. 9A), or the
HMD 904 (FIG. 9B), or the HMD 906 (FIG. 9C), or the
HMD 1002 (FIG. 10A), or the HMD 1024 (FIG. 10B), or the
HMD 1204 (FIG. 12), or the HMD 1300 (FIG. 13), or the
HMD 1500 (FIG. 15). It should be understood that in one
embodiment, more or less components are included or
excluded from the HMD 1700, depending on the configu-
ration and functions enabled. The HMD 1700 includes a
processor 1702 for executing program instructions. A
memory 1704 is provided for storage purposes, and in one
embodiment, includes both volatile and non-volatile
memory. A display 1706 is included which provides a visual
interface that the user 106 views. Examples of the display
1706 include one or more display devices having one or
more display screens.

The display 1706 is defined by one single display, or in the
form of a separate display screen for each eye. When two
display screens are provided, it is possible to provide left-



US 11,347,303 B2

41

eye and right-eye video content separately. Separate presen-
tation of video content to each eye, for example, provides for
better immersive control of 3D content. As described herein,
in one embodiment, the second screen is provided with
second screen content of the HMD 1700 by using the output
for one eye, and then formatting the content for display in a
2D format. The one eye, in one embodiment, is the lefi-eye
video feed, but in other embodiments, is the right-eye video
feed.

A battery 1708 is provided as a power source for the
components of the HMD 1700. In other embodiments, the
power source includes an outlet connection to power. In
other embodiments, an outlet connection to power and the
battery 1708 are provided. A motion detection module 1710
includes any of various kinds of motion sensitive hardware,
such as a magnetometer 1712, an accelerometer 1714, and a
gyroscope 1716.

An accelerometer, as described herein, is a device for
measuring acceleration and gravity induced reaction forces.
Single and multiple axis (e.g., six-axis) models are able to
detect magnitude and direction of the acceleration in differ-
ent directions. The accelerometer is used to sense inclina-
tion, vibration, and shock. In one embodiment, three accel-
erometers are used to provide the direction of gravity, which
gives an absolute reference for two angles (world-space
pitch and world-space roll).

A magnetometer, as described herein, measures the
strength and direction of a magnetic field in the vicinity of
an HMD. In one embodiment, three magnetometers are used
within an HMD, ensuring an absolute reference for the
world-space yaw angle. In one embodiment, the magnetom-
eter is designed to span the earth magnetic field, which is
+80 microtesla. Magnetometers are affected by metal, and
provide a yaw measurement that is monotonic with actual
yaw. The magnetic field is warped due to metal in the
environment, which causes a warp in the yaw measurement.
If necessary, this warp is calibrated using information from
other sensors such as the gyroscope or the camera. In one
embodiment, the accelerometer 1714 is used together with
magnetometer 1712 to obtain an inclination and azimuth of
the HMD 1700.

A gyroscope, as used herein, is a device for measuring or
maintaining orientation, based on the principles of angular
momentum. In one embodiment, three gyroscopes provide
information about movement across the respective axis (x, y
and z) based on inertial sensing. The gyroscopes help in
detecting fast rotations. However, the gyroscopes drift over-
time without the existence of an absolute reference. To
reduce the drift, the gyroscopes are reset periodically, which
is done using other available information, such as positional/
orientation determination based on visual tracking of an
object, accelerometer, magnetometer, etc.

A camera 1718 is provided for capturing images and
image streams of the real-world environment. The camera
1718 is an example of the camera 108 of the HMD 104, or
of the camera 604A of the HMD 602 (FIG. 6), or of the
camera 604B of the HMD 602, or of the camera 710 of the
HMD 700 (FIG. 7A), or of the camera 752A (FIG. 7C), or
of the camera 752B (FIG. 7C), or of the camera 754 A (FIG.
7D), or of the camera 754B (FIG. 7D), or of the camera
754C (FIG. 7D). In one embodiment, more than one camera
(optionally) is included in the HMD 1700, including a
camera that is rear-facing, e.g., externally facing (directed
away from the user 106 when the user 106 is viewing the
display of the HMD 1700), etc., and a camera that is
front-facing (directed towards the user 106 when the user is
viewing the display of the HMD 1700). Additionally, in an
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embodiment, a depth camera 1720 is included in the HMD
1700 for sensing depth information of objects in the real-
world environment. The depth camera 1720 is an externally
facing camera. The depth camera 1720 is another example of
the camera 108 of the HMD 104, or of the camera 604A of
the HMD 602 (FIG. 6), or of the camera 604B of the HMD
602, or of the camera 710 of the HMD 700 (FIG. 7), or of
the camera 752A (FIG. 7C), or of the camera 752B (FIG.
7C), or of the camera 754A (FIG. 7D), or of the camera
754B (FIG. 7D), or of the camera 754C (FIG. 7D).

The HMD 1700 includes speakers 1722 for providing
audio output. Also, in one embodiment, a microphone 1724
is included for capturing audio from the real-world space,
including sounds from an ambient environment, speech
made by the user 106, etc. In an embodiment, the HMD 1700
includes a tactile feedback module 1726, e.g., haptic feed-
back device, etc., for providing tactile feedback to the user
106. In one embodiment, the tactile feedback module 1726
is capable of causing movement and/or vibration of the
HMD 1700 so as to provide tactile feedback to the user 106.

LEDs 1730 are provided as visual indicators of status of
the HMD 1700. For example, an LED indicates battery
level, power on, etc. A card reader 1732 is provided to enable
the HMD 1700 to read and write information to and from a
memory card. A USB interface 1734 is included as one
example of an interface for enabling connection of periph-
eral devices, or connection to other devices, such as other
portable devices, computers, etc. In various embodiments of
the HMD 1700, any of various kinds of interfaces may be
included to enable greater connectivity of the HMD 1700.

In an embodiment, a Wi-Fi™ module 1736 is included for
enabling connection to the computer network 114 or to the
computing device 112 via wireless networking technologies.
Also, in one embodiment, the HMD 1700 includes a Blu-
etooth™ module 1738 for enabling wireless connection to
other devices, e.g., a game console, the computing device
112, etc. A communications link 1740 is included for con-
nection to other devices. In one embodiment, the commu-
nications link 1740 utilizes infrared transmission for wire-
less communication. In other embodiments, the
communications link 1740 utilizes any of various wireless or
wired transmission protocols for communication with other
devices.

Input buttons/sensors 1742 are included to provide an
input interface for the user 106. Any of various kinds of
input interfaces may be included, such as buttons, etc. In one
embodiment, an ultra-sonic communication module 1744 is
included in HMD 1700 for facilitating communication with
other devices via ultra-sonic technologies.

In an embodiment, bio-sensors 1746 are included to
enable detection of physiological data, e.g., the biometric
information, etc., from the user 106. In one embodiment, the
bio-sensors 1746 include one or more dry electrodes for
detecting bio-electric signals of the user 106 through the
user’s skin, voice detection, eye retina detection to identify
users/profiles, etc.

One or more processors, such as the processor 1702, of
the HMD 1700 are coupled to the memory 1704, the display
1706, the battery 1708, the motion detection module 1710,
the camera 1718, the depth camera 1720, the speakers 1722,
the microphone 1724, the tactile feedback module 1726, the
LEDs 1730, the card reader 1732, the USB interface 1734,
the Wi-Fi™ module 1736, the Bluetooth™ module 1738, the
communication link 1740, the input buttons/sensors 1742,
the ultra-sonic communication module 1744, and the bio-
sensors 1746.
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The foregoing components of HMD 1700 have been
described as merely exemplary components that may be
included in HMD 1700. In various embodiments described
in the present disclosure, the HMD 1700 may or may not
include some of the various aforementioned components.
Embodiments of the HMD 1700 may additionally include
other components not presently described, but known in the
art, for purposes of facilitating aspects of the present inven-
tion as herein described.

In an embodiment, the HMD 1700 includes a wireless
access card (WAC), such as a network interface controller
(NIC) or a network interface card, to communicate with the
computer network 114.

FIG. 18 illustrates an embodiment of an Information
Service Provider architecture. Information Service Provid-
ers (ISP) 1802 delivers a multitude of information services
to users 1800-1, 1800-2, 1800-3, 1800-4, ctc., geographi-
cally dispersed and connected via the network 114. In one
embodiment, an ISP delivers one type of service, such as
stock price updates, or a variety of services such as broad-
cast media, news, sports, gaming, etc. Additionally, the
services offered by each ISP are dynamic, that is, services
are added or taken away at any point in time. Thus, the ISP
providing a particular type of service to a particular indi-
vidual changes over time. For example, the user 106 is
served by an ISP in near proximity to the user 106 while the
user 106 is in her home town, and the user 106 is served by
a different ISP when the user 106 travels to a different city.
The home-town ISP will transfer information and data to the
new ISP, such that information regarding the user 106
“follows” the user 106 to the new city making the data closer
to the user 106 and easier to access. In another embodiment,
a master-server relationship is established between a master
ISP, which manages the information for the user 106, and a
server ISP that interfaces directly with the user 106 under
control from the master ISP. In another embodiment, the
data is transferred from one ISP to another ISP as a computer
moves around the world to make the ISP in better position
to service the user 106 be the one that delivers these services.

ISP 1802 includes an application service provider (ASP)
1806, which provides computer-based services to customers
over the network 114. Software offered using an ASP model
is also sometimes called on-demand software or software as
a service (SaaS). A simple form of providing access to a
particular application program (such as customer relation-
ship management) is by using a standard protocol such as
hypertext transfer protocol (HTTP). The application soft-
ware resides on the vendor’s system and is accessed by users
through a web browser using hypertext markup language
(HTML), by special purpose client software provided by the
vendor, or other remote interface such as a thin client.

Services delivered over a wide geographical area often
use cloud computing. Cloud computing is a style of com-
puting in which dynamically scalable resources are provided
as a service over the network 114. Users do not need to be
an expert in the technology infrastructure in the “cloud” that
supports them. In one embodiment, cloud computing are
divided in different services, such as Infrastructure as a
Service (laaS), Platform as a Service (PaaS), and Software
as a Service (SaaS). Cloud computing services often provide
common business applications online that are accessed from
a web browser, while the software and data are stored on the
servers. The term cloud is used as a metaphor for the Internet
(e.g., using servers, storage and logic), based on how the
Internet is depicted in computer network diagrams and is an
abstraction for the complex infrastructure it conceals.
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Further, ISP 1802 includes a game processing server
(GPS) 1808, which is used by game computers to play single
and multiplayer video games. Most video games played over
the Internet operate via a connection to a game server.
Typically, games use a dedicated server application that
collects data from players and distributes it to other players.
This is more efficient and effective than a peer-to-peer
arrangement, but it requires a separate server to host the
server application. In another embodiment, the GPS 1808
establishes communication between the players and their
respective game-playing devices exchange information
without relying on the centralized GPS 1808.

Dedicated GPSs are servers which run independently of a
computer. Such servers are usually run on dedicated hard-
ware located in data centers, providing more bandwidth and
dedicated processing power. Dedicated servers are the pre-
ferred method of hosting game servers for most PC-based
multiplayer games. Massively multiplayer online games run
on dedicated servers usually hosted by the software com-
pany that owns the game title, allowing them to control and
update content.

A broadcast processing server (BPS) 1810 distributes
audio or video signals to an audience. Broadcasting to a very
narrow range of audience is sometimes called narrowcast-
ing. The final leg of broadcast distribution is how the signal
gets to the listener or viewer, and it may come over the air
as with a radio station or TV station to an antenna and
receiver, or may come through cable TV or cable radio (or
“wireless cable”) via the station or directly from a network.
The Internet may also bring either radio or TV to the
recipient, especially with multicasting allowing the signal
and bandwidth to be shared. Historically, broadcasts have
been delimited by a geographic region, such as national
broadcasts or regional broadcast. However, with the prolif-
eration of fast internet, broadcasts are not defined by geog-
raphies as the content reaches almost any country in the
world.

A storage service provider (SSP) 1812 provides computer
storage space and related management services. SSPs also
offer periodic backup and archiving. By offering storage as
a service, users orders more storage as needed. Another
major advantage is that SSPs include backup services and
users will not lose all their data if their computers’ hard
drives fail. Further, in an embodiment, a plurality of SSPs
have total or partial copies of the user data, allowing users
to access data in an efficient way independently of where the
user is located or the device being used to access the data.
For example, the user 106 accesses personal files in a home
computer, as well as in a mobile phone while the user 106
is on the move.

A communications provider 1814 provides connectivity
to users. One kind of communications provider is an Internet
Service Provider (ISP) which offers access to the Internet.
The ISP connects its customers using a data transmission
technology appropriate for delivering Internet Protocol data-
grams, such as dial-up, digital subscriber line (DSL), cable
modem, fiber, wireless or dedicated high-speed intercon-
nects. The Communications Provider also provides messag-
ing services, such as e-mail, instant messaging, and short
message service (SMS) texting. Another type of communi-
cations provider is a Network Service provider (NSP),
which sells bandwidth or network access by providing direct
backbone access to the Internet. Network service providers,
in one embodiment, include telecommunications companies,
data carriers, wireless communications providers, Internet
service providers, cable television operators offering high-
speed Internet access, etc.
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A data exchange 1804 interconnects the several modules
inside ISP 1802 and connects these modules to users 1600
via the network 114. The data exchange 1804 covers a small
area where all the modules of ISP 1802 are in close prox-
imity, or covers a large geographic area when the different
modules are geographically dispersed. For example, the data
exchange 1688 includes a fast Gigabit Ethernet (or faster)
within a cabinet of a data center, or an intercontinental
interactive area network (VLAN).

Each user 1800-1, 1800-2, 1800-3, and 1800-4 accesses
the remote services with a client device 1820, which
includes at least a CPU, a display and input/output interface
(I/0). In one embodiment, a client device is a personal
computer (PC), a mobile phone, a netbook, tablet, gaming
system, a personal digital assistant (PDA), an HMD, a
computing device, a combination of the HMD and the
computing device, etc. In one embodiment, the ISP 1802
recognizes a type of client device and adjusts the commu-
nication method employed. In other cases, client devices use
a standard communications method, such as HTML, to
access the ISP 1802.

With reference to FIG. 19, a diagram is shown illustrating
example components of an HHC 1900, in accordance with
an embodiment described in the present disclosure. The
HHC 1900 is an example of the HHC 102 (FIG. 1A) or the
HHC 500 (FIG. 5A). It should be understood that in one
embodiment, more or less components are included or
excluded from the HHC 1900, depending on the configura-
tion and functions enabled. The HHC 1900 includes a
processor 1902 for executing program instructions. A
memory 1904 is provided for storage purposes, and in one
embodiment, includes both volatile and non-volatile
memory. A display 1906 is included which provides a visual
interface that the user 106 views.

A battery 1908 is provided as a power source for the HHC
1900. In other embodiments, the power source includes an
outlet connection to power. In other embodiments, an outlet
connection to power and the battery 1908 are provided. A
motion detection module 1910 includes any of various kinds
of motion sensitive hardware, such as a magnetometer 1912,
an accelerometer 1914, and a gyroscope 1916.

A magnetometer measures the strength and direction of
the magnetic field in the vicinity of an HHC. In one
embodiment, three magnetometers are used within an HHC,
ensuring an absolute reference for the world-space yaw
angle. In one embodiment, accelerometer 1914 is used
together with magnetometer 1912 to obtain an inclination
and azimuth of the HHC 1900.

A camera 1918 is provided for capturing images and
image streams of the real-world environment surrounding
the HHC 1900. For example, the camera 1918 captures
images of the HMD 104 (FIG. 1A) or of any other HMDs,
such as the HMD 700 (FIG. 7A), described herein. In one
embodiment, more than one camera (optionally) is included
in the HHC 1900, including a camera that is externally
facing (directed away from the HHC 1900). Additionally, in
an embodiment, a depth camera 1920 is included in the HHC
1900 for sensing depth information of objects in the real-
world environment. The depth camera 1920 is an externally
facing camera. For example, the depth camera 1920 captures
images of the HMD 104 (FIG. 1A) or of any other HMDs,
such as the HMD 700 (FIG. 7A), described herein.

The HHC 1900 includes speakers 1922 for providing
audio output. Also, in one embodiment, a microphone 1924
is included for capturing audio from the real-world space,
including sounds from an ambient environment, speech
made by the user 106, etc. In an embodiment, the HHC 1900
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includes tactile feedback module 1926, e.g., haptic feedback
device, etc., for providing tactile feedback to the user 106.
In one embodiment, the tactile feedback module 1926 is
capable of causing movement and/or vibration of the HHC
1900 so as to provide tactile feedback to the user 106.

LEDs 1930 are provided as visual indicators of status of
the HHC 1900. For example, an LED indicates battery level,
power on, etc. A USB interface 1934 is included as one
example of an interface for enabling connection of periph-
eral devices, or connection to other devices, such as other
portable devices, computers, etc. In various embodiments of
the HHC 1900, any of various kinds of interfaces may be
included to enable greater connectivity of the HHC 1900.

In an embodiment, a Wi-Fi™ module 1936 is included for
enabling connection to the computing device 112 via wire-
less networking technologies to connect to the computer
network 114 via the computing device 112. Also, in one
embodiment, the HHC 1900 includes a Bluetooth™ module
1938 for enabling wireless connection to other devices, e.g.,
the computing device 112, etc. A communications link 1940
is included for connection to other devices, such as the HMD
104 or any other HMDs described herein. In one embodi-
ment, the communications link 1940 utilizes infrared trans-
mission for wireless communication. In other embodiments,
the communications link 1940 utilizes any of various wire-
less or wired transmission protocols for communication with
other devices.

Input buttons/sensors 1942 are included to provide an
input interface for the user 106. Any of various kinds of
input interfaces may be included, such as buttons, capacitive
devices, touchpad, joystick, trackball, etc. In one embodi-
ment, an ultra-sonic communication module 1944 is
included in HHC 1900 for facilitating communication with
other devices via ultra-sonic technologies.

In an embodiment, bio-sensors 1946 are included to
enable detection of physiological data, e.g., the biometric
information, etc., from the user 106. In one embodiment, the
bio-sensors 1946 include one or more dry electrodes for
detecting bio-electric signals of the user 106 through the
user’s skin, voice detection, eye retina detection to identify
users/profiles, etc.

One or more processors, such as the processor 1902, of
the HHC 1900 are coupled to the memory 1904, the display
1906, the battery 1908, the motion detection module 1910,
the camera 1918, the depth camera 1920, the speakers 1922,
the microphone 1924, the tactile feedback module 1926, the
LEDs 1930, the USB interface 1934, the Wi-Fi™ module
1936, the Bluetooth™ module 1938, the communication
link 1940, the input buttons/sensors 1942, the ultra-sonic
communication module 1944, and the bio-sensors 1946.

In an embodiment, the HHC 1900 includes a WAC, such
as a NIC or a network interface card, to communicate with
the computer network 114.

The foregoing components of HHC 1900 have been
described as merely exemplary components that may be
included in HHC 1900. In various embodiments described in
the present disclosure, the HHC 1900 may or may not
include some of the various aforementioned components.
Embodiments of the HHC 1900 may additionally include
other components not presently described, but known in the
art, for purposes of facilitating aspects of the present inven-
tion as herein described.

In one embodiment, the computing device 112 and/or the
one or more servers of the game cloud system 116 is
sometimes referred to herein as a processing device. For
example one or more processors of the computing device
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112 and/or one or more processors of the game cloud system
116 are sometimes referred to herein as a processing device.

Embodiments described in the present disclosure may be
practiced with various computer system configurations
including hand-held devices, microprocessor systems,
microprocessor-based or programmable consumer electron-
ics, minicomputers, mainframe computers and the like. The
embodiments described in the present disclosure can also be
practiced in distributed computing environments where
tasks are performed by remote processing devices that are
linked through a wire-based or wireless network.

With the above embodiments in mind, it should be under-
stood that the embodiments described in the present disclo-
sure can employ various computer-implemented operations
involving data stored in computer systems. These operations
are those requiring physical manipulation of physical quan-
tities. Any of the operations described herein that form part
of the embodiments described in the present disclosure are
useful machine operations. Some embodiments described in
the present disclosure also relate to a device or an apparatus
for performing these operations. The apparatus can be
specially constructed for the required purpose, or the appa-
ratus can be a general-purpose computer selectively acti-
vated or configured by a computer program stored in the
computer. In particular, various general-purpose machines
can be used with computer programs written in accordance
with the teachings herein, or it may be more convenient to
construct a more specialized apparatus to perform the
required operations.

Some embodiments described in the present disclosure
can also be embodied as computer-readable code on a
computer-readable medium. The computer-readable
medium is any data storage device that can store data, which
can be thereafter be read by a computer system. Examples
of the computer-readable medium include a hard drive, a
NAS, a ROM, a RAM, a CD-ROM, a CD-R, a CD-RW, a
magnetic tape, an optical data storage device, a non-optical
data storage device, etc. The computer-readable medium can
include computer-readable tangible medium distributed over
a network-coupled computer system so that the computer-
readable code is stored and executed in a distributed fashion.

It should be noted that in an embodiment, one or more
features that are described in an embodiment of the present
disclosure can be combined with one or more features
described in another embodiment described in the present
disclosure.

Moreover, although some of the above-described embodi-
ments are described with respect to a gaming environment,
in some embodiments, instead of a game, other environ-
ments, e.g., a video conferencing environment, etc., is used.

Although the method operations were described in a
specific order, it should be understood that other housekeep-
ing operations may be performed in between operations, or
operations may be adjusted so that they occur at slightly
different times, or may be distributed in a system which
allows the occurrence of the processing operations at various
intervals associated with the processing, as long as the
processing of the overlay operations are performed in the
desired way.

Although the foregoing embodiments described in the
present disclosure have been described in some detail for
purposes of clarity of understanding, it will be apparent that
certain changes and modifications can be practiced within
the scope of the appended claims. Accordingly, the present
embodiments are to be considered as illustrative and not
restrictive, and the embodiments are not to be limited to the
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details given herein, but may be modified within the scope
and equivalents of the appended claims.

The invention claimed is:

1. A system for tracking a hand-held controller relative to
a head mounted display (HMD), comprising:

the hand-held controller, wherein the hand-held controller

includes a touchpad and a light indicator, wherein the
light indicator is configured to emit light;

the HMD configured to be worn on a head of a user,

wherein the HMD is configured to display a plurality of
image scenes having content generated by execution of
an application, wherein the HMD has a lower region
having a first camera, wherein the first camera has a
capture view directed downward from the HMD,
wherein the light indicator of the hand-held controller
is located along an edge of the touchpad to be visible
to the first camera of the lower region of the HMD with
the touchpad, wherein the first camera is configured to
detect the light emitted from the light indicator to
capture a first plurality of images of the hand-held
controller, wherein the HMD has a front region having
a second camera, wherein the second camera has a
capture view different from the capture view of the first
camera, wherein the second camera is configured to
detect the light emitted from the light indicator to
capture a second plurality of images of the hand-held
controller when the hand-held controller is outside the
capture view of the first camera; and

a processing device associated with the HMD, wherein

the processing device is configured to receive a plural-
ity of images of a real-world environment surrounding
the HMD, receive the first plurality of images of the
hand-held controller from the first camera, and receive
the second plurality of images of the hand-held con-
troller from the second camera, wherein the processing
device is configured to determine a position and move-
ment of the HMD within the real-world environment
from the plurality of images of the real-world environ-
ment, wherein the processing device is configured to
determine a position and movement of the hand-held
controller relative to the HMD from the first plurality of
images of the hand-held controller and the second
plurality of images of the hand-held controller, wherein
the processing device is configured to modify a state
output by execution of the application according to the
position and movement of the HMD and the position
and movement of the hand-held controller,

wherein the HMD is configured to update the plurality of

image scenes displayed in the HMD according to the
modification of the state.

2. The system of claim 1, wherein the first camera has the
capture view that is directed downward to capture a move-
ment of the hand-held controller in an interaction zone,
wherein the interaction zone is located below the first
camera.

3. The system of claim 2, wherein the interaction zone is
a polygonal volume that extends from the first camera
towards a floor of the real-world environment.

4. The system of claim 1, wherein the HMD includes an
eye mask, wherein the lower region is a bottom surface of
the eye mask of the HMD, wherein the bottom surface is not
connected to a top headband strap and is not configured to
cover eyes of a user, wherein the eye mask has the front
region, wherein the front region is configured to cover the
eyes of the user, wherein the front region is located adjacent
to an upper region of the HMD, wherein the upper region is
connected to the top headband strap.
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5. The system of claim 1, wherein the capture view of the
first camera is a field-of-view of a lens of the first camera,
wherein the field-of-view includes a portion of the real-
world environment that is seen by the first camera, wherein
the portion has a horizontal range, a vertical range, and a
diagonal range.

6. The system of claim 1, wherein the capture view of the
first camera is a field-of-view that includes a reference point
within the real-world environment, wherein the reference
point falls at an intersection of a first wall within the
real-world environment, a second wall within the real-world
environment, and a floor within the real-world environment.

7. The system of claim 1, wherein the capture view of the
first camera is a field-of-view that includes a reference point
within the real-world environment, wherein the reference
point falls at an intersection of a vertical surface of an object
within the real-world environment and a horizontal surface
of the object.

8. The system of claim 1, wherein the processing device
is a game console that is coupled to the HMD via a wired or
a wireless connection.

9. The system of claim 1, wherein the processing device
is a server that is coupled to the HMD via a computer
network.

10. The system of claim 1, wherein the capture view of the
first camera is a field-of-view that includes a reference point
within the real-world environment, wherein the position and
movement of the HMD with respect to the reference point is
determined from the plurality of images of the real-world
environment.

11. The system of claim 10, wherein the first camera
provides another reference point within the real-world envi-
ronment, wherein the position of the hand-held controller is
determined with reference to the other reference point of the
HMD.

12. The system of claim 1, wherein the HMD has an eye
mask, wherein the front region is a front surface of the eye
mask.

13. The system of claim 12, wherein the second camera is
located on a first portion of the front region, wherein the
HMD has a third camera, wherein the third camera is located
on a second portion of the front region, wherein the third
camera has a capture view different from the capture view of
the second camera.

14. The system of claim 12, wherein the processing device
is configured to determine the movement of the hand-held
controller based on a first time at which the first plurality of
images are captured by the first camera and a second time at
which the second plurality of images are captured by the
second camera, wherein the HMD is configured to update
the plurality of image scenes to output a plurality of updated
scenes that are stitched together according to the first and
second times.

15. The system of claim 1, wherein the light indicator is
a light bar that extends along the touchpad.

16. A method for tracking a hand-held controller relative
to a head mounted display (HMD), comprising:

displaying a plurality of image scenes having content

generated by execution of an application, wherein the
HMD has a lower region having a first camera and has
a front region having a second camera, wherein the first
camera has a capture view directed downward from the
HMD, wherein the second camera has a different
capture view than the capture view of the first camera;
capturing, by the first camera, a first plurality of images of
the hand-held controller with respect to the HMD,
wherein the first plurality of images are captured by
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detecting a light emitted by a light indicator of the
hand-held controller, wherein the light indicator is
located along an edge of a touchpad of the hand-held
controller to be visible to the first camera of the lower
region of the HMD with the touchpad;
capturing, by the second camera, a second plurality of
images of the hand-held controller when the hand-held
controller is outside the capture view of the first cam-
era, wherein the second plurality of images are captured
by detecting the light emitted by the light indicator;

receiving a plurality of images of a real-world environ-
ment surrounding the HMD;

receiving the first plurality of images of the hand-held

controller from the first camera;

receiving the second plurality of images of the hand-held

controller from the second camera;

determining a position and movement of the HMD within

the real-world environment from the plurality of
images of the real-world environment;
determining a position and movement of the hand-held
controller relative to the HMD from the first and second
pluralities of images of the hand-held controller;

modifying a state output by execution of the application
according to the position and movement of the HMD
and changes in the position and movement of the
hand-held controller; and

updating the plurality of image scenes displayed in the

HMD according to said modifying the state.
17. The method of claim 16, wherein the HMD has an eye
mask, wherein the front region is a front surface of the eye
mask.
18. The method of claim 16, wherein the second camera
is located on a first portion of the front region, wherein the
HMD has a third camera, wherein the third camera is located
on a second portion of the front region, wherein the third
camera has a capture view different from the capture view of
the second camera.
19. The method of claim 16, wherein the movement of the
hand-held controller is determined based on a first time at
which the first plurality of images are captured by the first
camera and a second time at which the second plurality of
images are captured by the second camera, wherein the
plurality of image scenes are updated to output a plurality of
updated scenes stitched together according to the first and
second times.
20. A non-transitory computer-readable medium contain-
ing program instructions for tracking a hand-held controller
relative to a head mounted display (HMD), wherein execu-
tion of the program instructions by one or more processors
of' a computer system causes the one or more processors to
carry out a plurality of operations of:
displaying a plurality of image scenes having content
generated by execution of an application, wherein the
HMD has a lower region having a first camera and has
a front region having a second camera, wherein the first
camera has a capture view directed downward from the
HMD, wherein the second camera has a different
capture view than the capture view of the first camera;

capturing, by the first camera, a first plurality of images of
the hand-held controller with respect to the HMD,
wherein the first plurality of images are captured by
detecting a light emitted by a light indicator of the
hand-held controller, wherein the light indicator is
located along an edge of a touchpad of the hand-held
controller to be visible to the first camera of the lower
region of the HMD with the touchpad;
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capturing, by the second camera, a second plurality of
images of the hand-held controller when the hand-held
controller is outside the capture view of the first cam-
era, wherein the second plurality of images are captured
by detecting the light emitted by the light indicator;

receiving a plurality of images of a real-world environ-
ment surrounding the HMD;

receiving the first plurality of images of the hand-held
controller from the first camera;

receiving the second plurality of images of the hand-held
controller from the second camera;

determining a position and movement of the HMD within
the real-world environment from the plurality of
images of the real-world environment;

determining a position and movement of the hand-held
controller relative to the HMD from the first and second
pluralities of images of the hand-held controller;

modifying a state output by execution of the application
according to the position and movement of the HMD
and changes in the position and movement of the
hand-held controller; and
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updating the plurality of image scenes displayed in the
HMD according to the modification of the state.

21. The non-transitory computer-readable medium of
claim 20, wherein the HMD has an eye mask, wherein the
front region is a front surface of the eye mask, wherein the
second camera is located on a first portion of the front
surface, wherein the HMD has a third camera located on a
second portion of the front surface, wherein the third camera
has a capture view different from the capture view of the
second camera.

22. The non-transitory computer-readable medium of
claim 20, wherein the movement of the hand-held controller
is determined based on a first time at which the first plurality
of'images are captured by the first camera and a second time
at which the second plurality of images are captured by the
second camera, wherein the plurality of image scenes are
updated to output a plurality of updated scenes stitched
together according to the first and second times.
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